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VABSTRACT
F an con i' s  anaemia (FA) i s  c h a r a c te r iz e d  by ph en otyp ic  d iv e r s i t y  and 
d elayed  o n se t o f  p an cy to p en ia . T his c l i n i c a l  h e tero g en e ity #  to g e th e r  
w ith  th e  e x is t e n c e  o f  o th er  syndromes a s s o c ia te d  w ith  one or more 
fe a tu r e s  o f  FA, make th e  a ccu ra te  d ia g n o s is  o f  t h i s  r a r e , autosom al 
r e c e s s iv e  d iso r d e r  d i f f i c u l t  in some p a t ie n t s .  Furtherm ore, in  v i t r o  
chromosome breakage may tie v a r ia b le  and in c o n s is t e n t ,  and th us non- 
d ia g n o s t ic .  T h ere fo re , th e in v i t r o  enhancement o f chromosome 
breakage by 2 c la s t o g e n ic  m utagens, D iepoxybutane (DEB) and Mitomycin 
C ( MMC), was s tu d ied  in  FA hom ozygotes and h e te r o z y g o te s  for th e  
a ccu ra te  d ia g n o s is  o f  a f f e c t e o  tiomoz y g o te s , a s  w e ll a s  fo r  th e  
id e n t i f i c a t io n  o f FA h e te r o iiy g o te s .
In t o t a l ,  24 FA hom ozygotes, 28 o b lig a to r y  FA h e te r o z y g o te s , 42 
normal c o n t r o ls ,  6 s ib l in g s  o f  FA ^omozygotes and 15 p a t ie n ts  w ith  
some- fe a tu r e s  o f  FA were in v e s t ig a te d  fo r  th e p resen ce  o f  both  
u n sta b le  and s ta b le  chromosome a b n o r m a lit ie s . P er ip h era l b lood  
specim ens were su b jec te d  to  standard sh o rt-term  lym phocyte c u ltu r e  
t e c h n iq ie s  w ith  th e in  v i t r o  a d d it io n  o f  c la s t o g e n ic  c o n c e n tr a tio n s  
o f  DEB and MMC. In a l l  in s ta n c e s ,  c o n tr o l b lood specim ens from 
normal in d iv id u a ls  were c o n cu rren tly  id e n t ic a l ly  p r o c e sse d . One 
am n io tic  c e l l  p ren a ta l d ia g n o s is  o f  FA was a ls o  s u c c e s s f u l ly  
perform ed.
The W ilcoxon s ig n ed  ranks t e s t  comparing d if f e r e n c e s  w ith in  
g e n o ty p ic /p h e n o ty p ic  c la s s e s  showed th a t both MMC and DEB 
s i g n i f i c a n t l y  enhance chromosome breakage in FA hom ozygotes. DEB had 
no s ig n i f i c a n t  e f f e c t  in normal c o n tr o l s u b j e c t s ,  but c o n tr o l c e l l s  
e x h ib ite d  in crea sed  s u s c e p t i b i l i t y  to  MIC. H e te ro z y g o te s , s ib l in g s  
and in d iv id u a ls  w ith  fe a tu r e s  o f  FA showed no in crea sed  s e n s i t i v i t y  
to  DEB or MMC c l a s t o g e n ic i t y .
A com parison between c la s s e s  usin g  th e  U -te s t  o f  Mann-Whitney 
dem onstrated th a t DEB and MMC s t r e s s in g  are r e l ia b le  tech n iq u es  fo r  
th e  d e f i n i t i v e  c y to g e n e t ic  d ia g n o s is  o f  FA hom ozygosity . However, 
the p resen t s tu d y  p ro v id es  no ev id en ce  th a t in d iv id u a l FA 
h e te r o z y g o te s  may be d i f f e r e n t ia t e d  from normal in d iv id u a ls  xt th e  
b a s is  o f  sp o n tan eou s, DEB-induced or MMC-induced b reak age. W hile DEB
vl
induced a s i g n i f i c a n t l y  h igh er  number o f  chromosome a b e r ra t io n s  in  FA 
h ete r o zy g o te s  a s  a group, compared to  normal c o n t r o ls ,  a number o f  
h e te r o z y g o te s  had breakage r a te s  s im ila r  or even low er than c o n tr o l  
s u b j e c t s ,  thus l im it in g  th e c e r ta in ty  w ith  which data on a s in g le  
p u ta t iv e  c a r r ie r  can be in te r p r e te d . The in c lu s io n  o f  'gap s' in the  
c a lc u la t io n  o f  a b erra tio n  r a te s  and th e  e x c lu s io n  o f  fa th e r s  from the  
h etero zy g o te  c l a s s  had no e f f e c t  on th e  s t a t i s t i c a l  c o n c lu s io n s .
The minimum b ir th  in c id en ce  o f FA in W hite, A frik aan s-sp eak in g  South  
A fr ica n s was e st im a ted  to  he 1 in 22 000, w ith  th e h e tero zy g o te  
p reva len ce  b ein g  ap p roxim ately  1 in  77 . T his r e l a t i v e l y  high  
in c id en ce  may be a t tr ib u te d  to  a founder e f f e c t  in  t h i s  p op u la tion  
group .
The s ig n i f ic a n c e  o f chromosomal i n s t a b i l i t y  in  * s  p a th o g en esis  o f  FA 
i s  ev a lu a ted  s p e c i f i c a l l y  w ith  r e sp e c t  to  the broader a e t io lo g ic a l  
and p a th o g en e tic  a s p e c ts  o f  te r a to g e n e s is  and o n c o g e n e s is .
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1. INTRODUCTION
F a n co n i' s  anaemia (FA) i s  not a 1 now' s>nnrixne, navinq t>een descrxned  
r>y Fanconi in 1927. I t was lK>wver, o n ly  in 1964 th a t Schroeder 
e t  a l . t i r s t  tlem onstrated th a t t h is  d iso r d e r  i s  a s s o c ia te d  w ith  
annormai s u s c e p t i h i l i t y  o t  tfie s u t t e r e r s 1 som atic chromosomes to  
spontaneous a o e r r a t io n s , thus i n i t i a t in g  the in te n s iv e  c y to g e n e t ic  
stu d y  o t  FA.
Tlve era o t nnxiern human c y to g e n e t ic s  i s  sa id  to  have dawned w ith  the 
c o n c lu s iv e  d isc o v e r y  ny T") 1 0  a no Levan (1956) th a t n u c le i o f  human 
emnryonic lung f ih r o o la s t s  con ta in ed  a d ip lo id  numner o f  46 
chromosomes -  22 paired  autosom es p lu s one p a ir  o t  sex  chromosomes. 
S h o r t ly  th e r e a f t e r ,  Ford ana Hamerton (1956) dem onstrated th a t human 
sperm atocytes co n ta in  23 n iv a le n t s .  T h is  was the s ta r t in g  p o in t  
which was _c lead to  a manner o t sp e c ta cu la r  developm ents in the  
stu d y  o f  human chromosomes ( s e e  review  Hsu, 1979b).
The f i r s t  example o f an autosom al trisom y in man was d isco v ered  by 
Leieune e t  a l . (1959) who e s ta b lis h e d  th at Mongolism (Down syndrome) 
was caused by trisom y o f  one o t the s m a lle s t  human chromosomes. T his  
fin d in g  not o n ly  i l lu s t r a t e d  the s ig n if ic a n c e  o f  th e  genome in the 
com prehension o f human d is o r d e r s , but a ls o  th a t d e v ia t io n s  from the 
normal i.uman chromosome complement do o c c u r , and in so d o in g , opened 
the area o f human c y to g e n e t ic s  to  in te n s iv e  in v e s t ig a t io n .
L e ieu n e1 s breakthrough was fo llow ed  by tlie d isc o v e r y  o f  fu rth er  
c o n s t i t u t io n a l  s t a b le ,  num erical chromosomal a b n o rm a lit ie s  a s so c ia te d  
w ith  s p e c i f i c  c l i n i c a l  syndromes v i z .  T u rn er's syndrome ( Ford e t  a l . ,
1959); K l in e f e l t e r ' s  syndrome (Jacobs and S tro n g , 1959); XXX 
fem ales (Jacob s e t  a l . ,  1959); trisom y 13 [ ' D , '] ( Patau e t  a 1 . ,
1960) and tr isom y 18 [ ' E j ' ]  ( Edwards e t  a l . ,  196 0 ). T .a chromosome 
complement in T urner's syndrome and K l in e f e l t e r ' s  syndrome 
dem onstrated th a t u n lik e  the s i tu a t io n  in  D ro so p h ila , the male sex in 
man i s  determ ined by the presence o t a Y chromosome.
The f i r s t  c o n s t i tu t io n a l  s tr u c tu r a l chromosomal ab norm ality  syndrome 
to  be noted was the 5p -, or c r i-d u -c h a t  synorome (L ejeune e t  a l . ,
In 1960/ Nowell and Hungerlotrd e a ta b lia tie d  th a t chroinosorrie 
a b n o rm a litie s  cou ld  a ls o  Lx? a cq u ired . Tiiey noted  the presen ce  o f  the  
s o -c a l le d  P h ila d e lp h ia  chromosome (P h 1) in the g r ea t m a jority  o f  
p a t ie n ts  s u f fe r in g  from ch ron ic  m yeloid  leukaem ia (CML).
Most o f  the above-m entione<i f in d in g s  c o in c id e d  w ith  an im portant 
in n ovation  in  c e l l  c u ltu r e  tech n iq u e -  Nowell (I9 6 0 ) and Moorhead e t  
a l .  (1960) to g e th er  p e r fe c te d  a r e l i a b le  method fo r  th e sh ort-term  
c u ltu r e  o f p er ip h era l b lood lym p hocytes, (See s e c t io n  2 .1 )  The 
e f f e c t iv e n e s s  o f  t h is  tectuuque was based p r im a r ily  on th e  m itogen ic  
a c t iv i t y  o f phytoltaemagg1u t in in  (PHA).
In 1964/ Schroeder e t  a l . recogn ized  th a t h e r ed ita r y  d is o r d e r s , in  
t h i s  ca se  FA, may be a s so c ia te d  w ith  normal k aryotyp es, but. w ith  
abnormal som atic  chromosome f r a g i l i t y .  Su bseq uen tly , s im ila r  
chromosome f in d in g s  were rep orted  in  two o th er  rare autosom al 
r e c e s s iv e  d iso r d e r s  -  B loom 's syndrome (German, 1964) and a ta x ia  
t e la n g ie c ta s ia  (Hecht e t  a l . ,  1 9 6 6 ). FA, Bloom 's syndrome (BS) and 
a ta x ia  t e la n g ie c t a s ia  (AT), a lth ou gh  d if f e r in g  in  th e ir  c l i n i c a l  
p r e se n ta t io n , are c i,'  "acterized  by in crea sed  spontaneous (or 
endogenous) chromosomal i n s t a b i l i t y ,  a probable b a s ic  d e fe c t  in  DMA 
rep a ir  pathways and a g r e a t ly  in crea sed  p r e d is p o s it io n  to  m alignancy  
( A r le t t  and Lehmann, 1 9 7 0 ). (See s e c t io n  1 .6 .5 )
These f in d in g s  were fo llo v e d  by the r e c o g n it io n  th a t c e r ta in  
environm ental a g e n ts  can a ls o  cause chromosome b rea k s . In 1968, 
Cleaver tep o rted  th a t cu ltu red  xeroderma pigmentosum (XP) c e l l s ,  
alth ough  showing no spontaneous chromosome i n s t a b i l i t y ,  are  
u l t r a v io le t  (t;v) l ig h t  s e n s i t i v e  and s^jecif i c a l l y  d e fe c t iv e  in  th e ir  
a b i l i t y  to  rep a ir  UV-mduced LNA damacje. S im ila r ly , Schu ler e t  a l . 
(1969) Showed FA chrcmosomes to  be h ig h ly  s e n s i t iv e  to  a lk y la t in g  
a g e n ts . (See s e c t io n  1 .6 .2 .1 )
C leaver (1960) co in ed  th e term 'h y p e r s e n s it iv i t y '  d is e a s e s  to  in c lu d e  
th ose s in g le  gene d iso r d e r s  which are  thought to  be d e fe c t iv e  in  
th e ir  LNA r e p l ic a t io n  and /or repu’ r mecfianisms. FA, BS, AT and XP 
are the b e s t  known o f  che h y p e r s e n s it iv ity  syndrom es, but o th er s  
in clu d e C ockayne's syndrome, tuberous s c l e r o s i s ,  n eu ro fib ro m a to sis ,
h e r e d ita r y  re t i  not)! a stoma and the A n ir id ia  -  W ilm's tumour 
a s s o c ia t io n  (AWTA) (C lea v er , 198 0 ). AJ1 th ese  s in g le  gene d iso r d e rs  
a re  a s s o c ia te d  w ith  an in creased  r isk  o t  m alignancy.
C le a r ly  th e n , in d iv id u a ls  w ith  d e t e c t iv e  IMA r e p l ic a t io n /r e p a ir  are  
ca n cer -p ro n e . T h is le a d s  to  the p r e d ic t io n  th at u n rep a ired , damaged 
IMA has a high c a rc in o g e n ic  p o t e n t ia l . S w ift ( 1976o) has in d ica ted  
th a t AT and FA h e tero zy g o te s  may com prise as ma../ a s  1% o f the 
gen era l p o p u la tio n . ( See s e c t io n  5 .3 .4 )  I t  th e r e fo r e  fo llo w s  th at  
the stud y  o f  endogenous and/or environm ental fa c to r s  which cause  
chromosomal breakage w i l l  h o p e fu lly  a id  in  the e lu c id a t io n  o f  (a) 
human IMA r e p lic a t io n  and rep a ir  and ( r>) the a e t io lo g y  o f  
m alignancy. In tu r n , t h i s  may h e lp  in th e  e sta b lish m en t o f  the as  
y e t  unknown g e n e t ic  d e fe c t  in FA. Furtherm ore, th e  id e n t i f ic a t io n  o f  
h ete r o zy g o te s  would a llo w  m onitoring o f  s u b je c ts  who may be a t - r i s k  
fo r  having a f f e c te d  o ff sp r in g  and who may th em selves be a t - r i s k  for  
th e developm ent o f  c a n c e r .
1 .1  FANQQNI'S ANAEMIA -  AN HISTORICAL PERSPECTIVE
A p la s t ic  anaemia was f i r s t  d escr ib ed  by K hriich in 1888. Beniamin 
(1911) ( s e e  Beard e t  a l . ,  1973) reported  on 3 u n re la ted  c h ild re n  w ith  
r e fr a c to r y  anaem ia, mental r e ta r d a tio n , s k e le t a l  underdevelopm ent and 
h y p o g en ita lism . By 1919, Smith was a b le  to  review  64 pu blished  c a se s  
o f  a p la s t ic  anaemia -  the m a-jonty were a d u l t s , but h is  review  a ls o  
inclu d ed  10 c h ild r e n . Smith noted that co n g e n ita l a b n o rm a litie s  were 
p resen t in 3 o f  the l a t t e r , w h ile  1 ca se  was ch a r a c ter iz ed  by 
hyp erp igm entation . I t  i s  p o s s ib le  th a t th e unusual c a se s  o f a p la s t ic  
anaemia p lu s  co n g e n ita l anom alies d e scr ib ed  by Beniamin and then by 
Smith were exam ples o f the syndrome su b seq u en tly  rep orted  by Fanconi 
in  1927.
Fanconi (1927) d e sc r itx d  a syndrome of fa m ilia l  a p la s t ic  anaemia w ith  
c o n g e n ita l d e fe c t s  in 1 b r o tlier s , ranging in age from 5 to  7 y e a rs . 
These c h ild r e n  were o f sh ort s ta tu r e  and Ivid in crea sed  sk in  
p ig m en ta tio n , m icrocephaly , t e s t i c u la r  h yp op lasia  and convergent 
s tra b ism u s. Bone marrow fa i lu r e  developed  in a i l  3 s ib l in g s  between
th e a ges o t  4 and 5 y e a r s . I t  i s  o t  in t e r e s t  to  note  th a t the  
unexplained d e la y  in  o n se t o t p a n cy to p en ia , th e ta m il ia l  nature and 
the c h a r a c t e r is t ic  type o t  c o n g e n ita l d e t e c t s ,  were a l l  c a r e f u l ly  
d escr ib ed  in  t h i s  o r ig in a l  r e p o r t . In 1931, N a eg eli proposed th a t  
t h i s  c o n d it io n , a c c u r a te ly  d escr ib ed  by F an con i, be know  as  
F a n co n i's  anaemia (FA). S u b seq u en tly , L stren and Lameshek (1947) 
rep orted  th e presence  o f ta m il ia l  bone marrow f a i lu r e  in  p a t ie n ts  
w ith  no c o n g e n ita l d e t e c t s ,  and su g g ested  th a t such c a se s  were a 
su b c la s s  o t FA. The f i r s t  ca se  o t  FA in South A fr ica  was d escr ib ed  
by K esse l and Cohen (1 9 5 3 ) .
In 1964, Schroeder e t  a l . noted a h igh  in c id en ce  o t sp on tan eou sly  
occu rrin g  chromosome a b e r ra tio n s  in  p er ip h era l blood lymphocyte 
c u ltu r e s  o t  FA p a t ie n t s ,  so  d isc o v e r in g  an im portant c y to g e n e t ic  
concep t and d ia g n o s t ic  t o o l . Further landmark f in d in g s  in  the  
d e lin e a t io n  o f  FA as a d i s t i n c t  and sep a ra te  type o f  marrow a p la s ia ,  
in clu d ed  th e o b se r v a tio n s  by Todaro e t  a. . (1966) th a t c u ltu re d  FA 
sk in  f ib r o b la s t s  are more e a s i l y  transform ed by SV40 v ir u s  than 
f ib r o b la s t s  from normal s k in .  Z aizov e t  a l . (1969) confirm ed Estren  
and Damesnek's f in d in g s  (1947) th a t f a m il ia l  bone marrow f a i lu r e  can 
occur w ith out c o n g e n ita l d e f e c t s ,  and a ls o  showed th a t  t h i s  su b c la ss  
o f  FA i s  c h a r a c ter iz ed  by abnormal chromosomal b reak age. Schu ler e t  
a l .  (1969) were th e f i r s t  to  d e sc r ib e  th e  in f lu e n c e  o f  an 
environm ental agen t on a g e n e t ic  d i s e a s e .  These workers noted th a t  
chromosomes o t  an FA p a t ie n t  had an in crea sed  s e n s i t i v i t y  to  an 
a lk y la t in g  a g e n t , in t h i s  c a s e ,  te tra m eth a n esu lp h o n il-d -m a n n it. T h is  
o b serv a tio n  encouraged many fu rth er  in v e s t ig a t io n s  in to  th e  
enhancement o f chromosome breakage in chromosome i n s t a b i l i t y  
syndromes such as  FA. (See s e c t io n  1 .6 .2 )
1 .2  PREVALENCE OF TUF FANOONl'S ANAKM1A GENE
As tar  a s i s  known, th ere  are no p r e c is e  e s t im a te s  o t  the in c id en ce  
o f  FA hom ozygotes or a l t e r n a t iv e ly ,  o t the frequency o t  th e  FA g e n e .  
S w ift (1971) c a lc u la te d  a minimal frequency based on the number ot 
reported  FA c a se s  born in  New York S ta te  from 1956 to  1967. He 
concluded th a t th e e stim a ted  frequency o t FA hom ozygotes in  North
5America i s  1 in 348 000 . I f  th e normal and FA a l l e l e s  fo llo w  the  
Hardy-Weinbery law, then the ex p ected  h e tero zy y o te  frequency i s  about 
1 in 300. A r le t t  and Lehmann (1978) quote Wunder (1978) o f  the  
Federal R epublic o f Germany a s  having a rr iv ed  a t  an e stim a ted  FA 
homozygote frequency o f  1 in 70 000 in 'm id-E urope', g iv in g  a 
h etero zy g o te  frequency o f 1 in  125. T h is d iscrep a n cy  in  gene 
fr e q u e n c ie s  may be due to  e i t h e r  the use o f d i f f e r e n t  c r i t e r ia  in  the  
ascerta in m en t o f FA c a s e s , or c o n v e r se ly , sim ply  the r e s u lt  o f an 
in crea sed  in c id en ce  o f  the gene in th e 'mid-European' c o u n tr ie s .
A r e la t iv e l y  high gene frequency i s  a ls o  su sp ected  in th e  South 
A frican  A frikaner p op u la tion  (See s e c t io n  4 . 1 . 3 ) ,  the m ajority  o f  
whom tra ce  th e ir  a n cestry  back to  H oilan d , Germany and France. 
Although Meme e t  a l . (1975) regarded FA as being rare in  in d iv id u a ls  
o f  'Bantu* e x t r a c t io n , the p resen t stud y  appears to  in d ic a te  th a t  
t h i s  i s  probably u n tru e . In s e c t io n  3 .1 .3 ,  an attem pt i s  made to  
est im a te  th e p reva len ce  o f th e FA gene in  South A fr ic a .
1 .3  SEX RATIO
A number o f rep o rts  have in d ic a te d  th a t m ales are  more fr e q u e n tly  
a f fe c te d  than fem a le s . G arriga and Crosby (1959) found a r a t io  o f  
app roxim ately  2 m ales : 1 fem ale , w h ile  Fanconi (1967) rep orted  a 
proportion  o f 3 m ales to  1 fem ale . According to  Evans (1979) 
a f f e c te d  boys predominate in a r a t io  o f  3 : 2 ,  w h ile  G ozdasoglu e t  
a l .  (1980) noted a male to  fem ale r a t io  o f 2 : 1 in th e ir  18 c a s e s .  
Schroeder e t  a l . ( I97bb) a ls o  found a s h i f t  towards m ales, but the  
l a t t e r  workers n o ticed  th at th e p rop ortion  of m ales was a ls o  
in creased  among the fiea lth y  s i b l i n g s ,  and th e r e fo r e  concluded th at  
th ere  was no s ig n i f i c a n t  sex  d if fe r e n c e  between a f f l i c t e d  and h ea lth y  
s i b l i n g s .  However, s in c e  alm ost a l l  th e  rep o rts  in th e l i t e r a t u r e  
note an unequal s e x - r a t io ,  one i s  forced  to  conclude th a t e i th e r  
th ere  i s  a sex-dependent e f f e c t  on th e  e x p r ess io n  o f t h is  d iso rd er  or 
a l t e r n a t iv e ly ,  th ere  i s  an a d d it io n a l s e x - lin k e d  form o f  FA, im plying  
th a t FA i s  h eterogen eou s.
61 .4  CLINICAL FLlATUKh^  OF FANOCJNI 1S ANAEMIA
1 .4 .1  C la a a it ic a t io o  ot F d n con i's  unaMiua
Sin ce th e o r ig in a l  d e s c r ip t io n  o f  FA ( F an con i, 1927 ), i t  has become 
apparent th a t a lth ou gh  many t y p ic a l  c a se s  e x i s t ,  t h i s  d iso rd er  may 
p resen t w ith  a wide spectrum  o f  c l i n i c a l  and p a th o lo g ic a l  
m alform ations and w ith  a v a r ia b le  n a tu ra l h is to r y  and age o f o n s e t . 
T his has r e su lte d  in  tite d is e a s e  being co n sid ered  not a s  a s in g le  
e n t i t y ,  but raU ier a s  belonging  to  a group o f 1 c o n s t i t u t io n a l1 (a  
term used by Fanconi in h is  o r ig in a _  r ep o rt) a p la s t ic  anaem ias 
(V is f e ld t  and M ortensen, 197 0 ). Broadly sp ea k in g , the  
' c o n s t i t u t io n a l1 a p la s t ic  anaem ias may be co n sid ered  a s  a group o f  
d is e a s e s  c h a r a c ter iz ed  by ch ro n ic  p a n cytop en ia , e i t h e r  w ith  or 
w ithout v a r io u s  c o n g e n ita l m alform ation s.
Bloom e t  a l . ( 196b) recogn ized  2 forms o t  c o n s t i t u t io n a l  a p la s t ic  
anaemia -  type I oein g  known as  ' Fanconi*s a p la s t ic  anaemia* and 
ch a r a c ter iz ed  by pancytopenia a s s o c ia te d  w ith  m u lt ip le  c o n g e n ita l  
a b n o r m a lit ie s , e s p e c ia l ly  o t th e upper lim bs and k id n ey s. A lso  
inclu d ed  in t h if  group were person s w ith  pancytopenia and no ev id en t  
c o n g e n ita l a n o m a lies , but who were s ib s  o f  p a t ie n ts  w ith  th e c l a s s i c  
m a n ife s ta tio n s  o f FA. P a t ie n ts  w ith out co n g en ita ' a b n o rm a litie s  in  
whom am egokaryocytic thrc nbocytopenia was p resen t a t  b ir th  or e a r ly  
in fa n cy , fo llo w ed  la te r  in ch ild lw o d  by p an cy to p en ia , were con sid ered  
a s  type I I .
Zaizov e t  a l . (1969) d id  how iver, regard th ose  p a t ie n ts  w ith out  
c o n g e n ita l anom alies but showing chromosome breakage as b elongin g  to  
a subgroup o f  /A, i . e .  a su tic la ss  o f the type I d escr ib ed  by Bloom e t  
a l .  (1 9 6 6 ).
M iller  and O 'R e illy  (1984) have d e fin ed  th e c o n s t i t u t io n a l  a p la s t ic  
anaemias in  more d e t a i l , d e sc r ib in g  th e fo llo w in g  major forms:
i .  C o n s t itu t io n a l a p la s t ic  anaemia (d elayed  o n s e t ) w ith
c o n g e n ita l anom alies and /or chromosome a b n o rm a litie s  (FA) (= 
type I Bloom e t  a l . ,  19 6 6 ).
i i .  C o n s t itu t io n a l a p la s t ic  anaemia (d elayed  o n s e t)  w ithout
c o n g e n ita l .iuoiimI ien  or chromosome tuHdk*)e ( Kstren liameshek 
type anaein xa) .
i i i .  Delayed oni-k*t a p la s ia  w ith  d y s k e r a to s is  c o n g e n ita ,
i v .  C o n s t itu t io n a l a p la s t ic  anaemia ( type II Bloom e t  a l . ,  1966) 
w ith  coiK^erntal th m n oocytop en ia  and d elayed  o n set  
pancyto{.»nia / w ithout o o n q en ita l a n o m a lie s .
N otw ithstanding th e above c r i t e r i a , r ep o rts  in  th e l i t e r a t u r e  appear 
to  be confused  by the in c lu s io n  o l  d iv e r se  c l i n i c a l  e n t i t i e s  under 
th e ca teg o ry  o f FA. In t h i s  r e s p e c t , i t  must be emphasized th a t FA 
and F a n co n i's  syndrome are 2 sep a ra te  d is o r d e r s , w ith  B anconi' s  
syndrome being p r im a r ily  c h a r a c ter iz ed  oy r e fr a c to r y  r ic k e t s  and 
m u ltip le  ren al tu b u lar  d e f t  t s  (Lee e t _ a l . ,  1 9 7 2 ). Because o f the  
above-m entioned d i f f i c u l t i e s  in  the d e f in i t io n  and d ia g n o s is  o f  FA, 
tfK p r e se n t ly  held  c r i t e r ia  tor  the c l i n i c a l  d e lin e a t io n  of the  
d is e a se  w arrants a more d e ta i le d  d e s c r ip t io n .
1 .4 .2  C lin ic a l  d e s c r ip t io n  o f ' c l a s s i c '  F an con i' s  anaemia
True FA i s  a m u ltip le  c o n g e n ita l anomaly syndrom e, c h a r a c ter iz ed  by 
p h y s ic a l stigm ata  a t b ir th ,  fo llo w ed  by the developm ent of sev ere  
a p la s t ic  anaem ia, u su a lly  tie tween the ages o f ‘i and 9 years ( Bloom e t  
a l . ,  1966)
A wide range of c o n g e n ita l an om alies may be p r e se n t , e ith e r  s in g ly  or  
in  com b in ation . The more common p h y sica l f in d in g s  th a t p a r t ic u la r ly  
c o n tr ib u te  to  tlx? d ia g n o s is  o f FA liom ozygosity are hyperpigm encation, 
s k e le t a l  m alform ations and sm all s t a t u r e . (See Table 1 .1 )
Garriga and Crosby (1959) and N ilsso n  ( LhGO) in v e s t ig a te d  the  
in c id en ce  o f  a wide range o f co n g e n ita l anom alies reported  in  FA.
More r e c e n t ly , Evans (1979) and A lte r  e t  a l . (1961) l i s t e d  th e  more 
common c o n g e n ita l d e f e c t s .  (See Table 1 .1 )
TABLE 1 .1  The in c id en ce  o f v a r io u s  c o n g e n ita l d e fe c t s  in  F an con i1 a 
anaemia
D efect Number Percentage
T ota l number o f  p a t ie n ts 129 100
H yperpigm entat ion 99 77
S k e le ta l  anom alies 85 66
Microsomy 78 60
Low b ir th  w eight 20 /36 56
M icrocephaly 51 40
Renal anom alies 36 28
H ypogenitalism 26 (M), 5 (F) 24
Strabism us 28 22
M icrophthalmia 20 16
P t o s is 4 3
Nystagmus 3 2
B picanthal fo ld s 5 4
H y p erreflex ia 24 19
Mental r e ta rd a tio n 22 17
Ear anom alies and d ea fn ess 9 7
C ongen ita l h eart d is e a s e 8 6
(A fter  A lter  e t a l . ,  1981)
More d e ta i le d  d esc  ip t io n s  o f  some o f  th e ahove and o th er  
F A -associa ted  anom alies fo llo w :
a) Skin p igm en tation
Pigm entation  may he g e n e r a liz e d , but more commonly m a n ife sts  a s  
c a f e - a u - la i t  sp o ts  or sk in  fo ld  p igm en ta tion . P igm entation  i s  
u s u a lly  c e n t r a l , in v o lv in g  th e  neck, a x i l l a e ,  a r e o la e , abdomen, 
u m b ilic u s , g e n i t a l ia  and g ro in  (M ille r  and O 'R e illy , 1984).
H is t o lo g ic a l ly ,  in crea sed  m elanin i s  seen  in th e  b asa l la y er  (N elson  
e t  a l . ,  196 4 ).
b) S k e le ta l anom alies
S k e le ta l anom alies o f th e hands and forearm s, u s u a lly  r a d ia l in  
d is t r ib u t io n ,  are  ci nmon. (See F iq . 1 .1  and F iq . 1 .2 )  These in c lu d e  
absence o f  one or both thumbs, h yp op lasia  o f th e thumb n a i l ,  
hyp oplasia  or absence o f th e f i r s t  m etacarp al, tr ip h a la n g e a l thumbs 
and a decreased  number o f  o s s i f i c a t io n  c e n tr e s  in  th e w r is t  
(P oched ly , 1 9 7 2 ). Other anom alies in c lu d e  atrophy o f  the thenar 
em inence, iirroob ility  o f  one or both thumb j o in t s ,  attachm ent o f th e  
thumb to  th e hand by s o f t  t i s s u e  and th in n in g  o f phalanges (M iller  
and O 'R e illy , 19A4). The rad iu s may be u n i la t e r a l ly  or b i l a t e r a l l y  
a b sen t, and in th e se  c a s e s ,  ttie correspondin g thumb/thumbs are absen t  
(Minagi and S te in b a ch , 1V66). A d d ition a l rep orted  s k e le t a l  
a b n o rm a litie s  in c lu d e  c o n g e n ita l h ip  d i s lo c a t io n ,  webbing o f the 2nd 
and 3rd t o e s ,  K lip p e l-F e il  d e fo rm ity , and S p r e n g e l's  d eform ity  
(M ille r  and O 'R e illy , 19 8 4 ).
c )  Short s ta tu r e
The growth r e ta r d a tio n  seen  in FA i s  s l i g h t l y  d isp r o p o r tio n a te  -  the  
trunk i s  u s u a lly  sh o rt and the le g s  are c h a r a c t e r i s t i c a l ly  long 
(Qmyrek and SyJIm-Rapoport, 1 9 6 4 ). In tr a u te r in e  growth r e ta rd a tio n  
may account fo r  the low b ir th  w eight which som etim es accom panies FA. 
Although growth r e ta rd a tio n  has long been recogn ized  as  one o f  the  
most common fe a tu r e s  o f  FA, the f i r s t  rep orted  c a se  o f FA fith  
is o la te d  growth hormone d e f ic ie n c y  was documented in 1971 (P ochedly  
e t  a : , 197 1 ). I n te r e s t in g ly ,  Nordan (1979) in v e s t ig a te d  a
s in g le  FA fa m ily  where growth hormone d e f ic ie n c y  was observed in  o n ly  
one o f  the two a f f e c te d  s i b s .  T h erefore , h e te r o g e n e ity  appears to  
extend to  growth hormone m otion  in s e le c t e d  f a m il ie s .
F itjice  I . 1 P a t ien t 48 : A n in e -y ea r -o ld #  A trik aan s-sp eak in g  PA 
hunozygote; a h y p o p la s tic  r ig h t thumb i s  c le a r ly  
e v id e n t .
i'iy  ure 1 .2  P a tie n t  49 : A tou r-year -oi<i, Atr ikaans-st^eaking FA
tioinozytgote (a ib iin q  a t p a t ie n t  48); note  should  be taken  
o f  th e  p a t ie n t ’s  b i la t e r a l  a b sen t thumbs.
d) Renal anomalies
The most comnon anomaly i s  the aosen ce ot >ne k id ney. Horseshoe 
kid neys and hydronephrosis have a ls o  been reported  (" in a g i and 
S te in h a c h , 19 6 6 ).
e )  H ypogenitalism
H ypogenitalism  has been rep orted  in  a f te c r e d  FA m a le s , but i s  
d i f f i c u l t  to  e v a lu a te  in younger p a t ie n t s  ( M iller  and O 'R e illy ,
1 9 8 4 ).
f ) C entral nervous system  anom alies
A b n orm alities in CNS developm ent in c lu d e  h y p e r r e f le x ia , m icrocephaly  
and mental r e ta rd a tio n  (p o s s ib ly  due to  in tr a -u te r in e  brain  growth 
r e t a r d a t io n ) , m icropthalm ia and p t o s is  o f  th e e y e l i d ,  strab ism us and 
nystagmus (M ille r  and C R e i l l y ,  1 9 8 4 ).
g ) Irmine d e f ic ie n c y
FA may be a s so c ia te d  w ith  a d e f e c t iv e  immune sy stem . In a stu d y  by 
Pedersen e t  a l . (1 9 7 7 ) , rep eated  im m u.clogin in v e s t ig a t io n s  on a 6 
y ea r-o ld  p a t ie n t  showed in c r e a s in g ly  d e f i c i e n t  T c e l l  fu n c t io n , 
w erea s  T c e l l  number and T/B c e l l  r a t io ,  im m unoglobulins, complement 
fa c to r  and n eu tro p h il fu n c tio n s  were norm al. Although i t  was assumed 
th a t t h i s  was in d ic a t iv e  o f  a primary immvne d e f ic ie n c y , th era p y -  
induced immune su p p ression  in th e ir  p a t ie n t  cannot d e f i n i t e l y  be 
ex c lu d ed . Furtherm ore, s in c e  the p a t ie n t  had co n tra c ted  m easles  and 
chickenpox w ithout c o m p lica tio n s  a t an e a r l i e r  a g e , the authors  
concluded th a t t h i s  d e f ic ie n c y  in c e l l u la r  immunity probably d ev e lo p s  
g r a d u a lly  from a c e r ta in  a g e . However, not a l l  FA p a t ie n ts  have an 
iitmune d e f e c t . Zaizov e t  al_. (1978) rep orted  th at imm unoglobulins 
were not markedly d i f f e r e n t  in the FA p a t ie n ts  they s tu d ie d , when 
compared to  the p a e d ia tr ic  p op u la tion  as a w hole . In 4 o f th e ir  5 
p a t ie n ts  in v e s t ig a te d , c e l l  m ediated immunity was a l s o  found to  be 
norm al. Thus, some degree o f  im m unological h e tero g en e ity  i s  apparent 
in  FA, in  c o n tr a s t  to  AT where im m unological d is tu rb a n ces  are a 
prominent fe a tu r e .
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In 1982, Kersey e t  a l . d escr ib ed  an FA (H tien t w ith  apparent 
d e fe c t iv e  n atu ra l k i l l e r  c e l l  (NK) a c t i v i t y .  In v i t r o  experim en ts  
rev ea led  th a t the absence o f NK - t c t iv it  in t h i s  p a t ie n t  was 
secondary to  a d e fe c t  in in te r fe r o n  r e le a s e  from lym phocytes on 
exposure to  tumour a n t ig e n s . C le a r ly , t h i s  fin d in g  may be in d ic a t iv e  
o f  a fa c to r  p red isp o sin g  th ese  p a t ie n ts  to  the developm ent o f  
m alignancy.
h) Other anom alies
The fo llo w in g  have a ls o  been rep orted  to  occur in FA -  a t r e s ia  o f  the  
e x te r n a l a u d ita ry  c a n a l , d e a fn e ss , la c t  . tal du ct a tr e s ia  (M ille r  and 
O 'R e illy , 1 9 8 4 ), c o n g e n ita l heart d e f e c t s ,  v i t i l i g o ,  sp in a  b i f i d a , 
h y p o p la s tic  sp leen  and s c o l i o s i s  (G ozuasoglu e t  a l . ,  1 9 8 0 ).
i ) P r e d isp o s it io n  to  m alignancy
I t  i s  well-knowai th a t FA homo zy g o tes  are a t an in crea sed  r is k  o f  
d evelop in g  m a lig n a n c ie s . T his p r e d is p o s it io n  w i l l  be d escr ib ed  in  
d e t a i l  in s e c t io n  5 .3 .
j ) H aem atologic a b n o rm a litie s
Although a l l ,  some or none o f th e above-m entioned c o n g e n ia l  d e fe c t s  
may occur in FA, bone marrow a p la s ia  and th e consequent haem atoloqic  
a b n o rm a litie s  are co n sid ered  to  form an in te g r a l  part o f  the  
d is o r d e r .
In most p a t ie n t s  w ith  FA, c o n g e n ita l anom alies ( i f  p r e s e n t ) are  
u su a lly  recogn ized  a t  b ir th  or in e a r ly  in fa n cy . The haem atologic  
a b n o rm a lit ie s , the b a s is  o f a d e f i n i t i v e  d ia g n o s is  ( i f  combined w ith  
in crea sed  chromosome b reak age), are t io w v e r , r a r e ly  e v id e n t b efo re  17 
months o f age and may not d ev e lo p  u n t i l  a s  la t e  a s  22 y ea rs  o f  age 
(Gmyrek and Syllni-R a[x)port, 1 9 6 4 ). The d e s c r ip t io n  o f  1 l a t e - o n s e t 1 
marrow f a i l u r e ,  again  em pfiasizes th e fieterogeneous nature o f t h is  
d is o r d e r . Schroeder e t  a l . (1979) have in  fa c t  su ggested  th a t 2 
forms of t h i s  d is e a se  are e v id e n t:  (a) e a r ly  o n se t p an cytop en ia ,
p o s s ib ly  accompanied by more sev e r e  m alform ations, and (b) the a d u lt  
form which i s  ch a r a c ter iz ed  by la t e  o n se t  marrow f a i lu r e  and u su a lly  
l e s s  sev ere  c o n g e n ita l a b n o r m a lit ie s .
The average age o f o n se t of marrow a p la s ia  in male FA p a t ie n ts  i s  6 .6  
y e a r s , whereas 8 .8  years i s  th e average age in fem ale FA p a t ie n ts  
(Gmyrek and Syllm -K apoport, 19W ) .  There apoears to  be an 
in tra ta m il i a l  c o r r e la t io n  in atje o f o n se t (Scriroeder e t  a l . ,  1976b ). 
The tem poral co u rse  c t  the f u l l  ex p ress io n  o f  pancytopenia may vary  
from a p eriod  o f months to  y e a r s . T e  g e n e t ic  and environm ental 
fa c to r s  c o n tr ib u tin g  to  Lae o n se t o f pancytopenia and i t s  
p r o g r e ss io n , are a t  t h i s  s ta g e  unknown.
Thrombocytopenia i s  u su a lly  th e f i r s t  haem atologic abnorm ality to  
d ev e lo p , w ith  ttte subsevjuent o n se t o f gran u locytop en ia  and anaemia 
(Minagi and S tem b a ch , 19W ) .  With p ro g ress io n  o f the d is e a s e ,  
com pensatory marrow haem opoiesis e v e n tu a lly  f a i l s ,  lea d in g  to  
p r o g r ess iv e  h y p o p la s ia . When f u l l y  d ev e lo p ed , th e pancytopenia i s  
id e n t ic a l  to  th a t seen  in many acqu ired  forms o f a p la s t ic  anaem ia, 
r e s u lt in g  in  the same spectrum  and s e v e r i t y  o f  c l i n i c a l  e x p ress io n  
( I b id ) .
According to  Evans (1 9 7 9 ), the red c e l l s  are normochromic w ith  
p o ik i lo c y to a is  and o f t e n ,  m a c r o c y to s is . At ttie tim e o f  d ia g n o s is ,  
p la t e l e t s  are reduced in number, the humnoglobin co n cen tra tio n  i s  
u su a lly  9 -7 g /d l and n e u tr o p h ils  are u s u a lly  l e s s  than l x l 0 9 / l i t r e , 
and may show to x ic  g r a n u la t io n . There i s  however, u s u a lly  no 
red u ction  m  lym phocytes and m onocytes. As th e d is e a s e  p r o g r e sse s , 
r e t ic u lo c y to p e n ia , in d ic a tin g  nvirrow f a i l u r e ,  predom in ates.
As in  th e acqu ired  form o f a p la s t ic  anaem ia, th ere  may be an in c r ea se  
in  f o e t a l  haemoglobin (HbF), due to  ove; production  o f e r y th r o c y te s  in  
response to  in creased  d e s tr u c t io n  o f  abnormal red c e l l  p recu rsors  
(Nathan, 1 9 8 1 ). Zaizov u l . (1978) found ttiat o n ly  2 o f  9 FA 
p a t ie n ts  liad nonnal HbF l e v e l s .  R aised l e v e l s  o f  HbF were found 
p rior  to  the developm ent o f ty p ic a l  haem atologic ab n orm aliti. a in  2 
' a t - r i s k 1 s ib s  who had been fo llo w ed  s in c e  in fa n cy , em phasizing th e  
value o f  HbF e s t im a tio n s  in  su sp ected  FA c a se s  o ld e r  than one y e a r .
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Abnormal v a r ia t io n s  in g l y c o ly s i s ,  h ex o k in a se , ATP and ATPase have 
a l l  been rep o rted . (See s e c t io n  1 .8 .2 )  There d oes not tiowever, 
appear to  tie any c o n s is t e n t  d e te c ta b le  d e te c t  in  the red c e l l s .  I t  
i s  th er e fo re  apparent th a t the a p la s t ic  anaemia c t ia r a c te r iz in g  FA, i s  
not a t t r ib u ta b le  to  any s in g le  red c e l l  m etab o lic  ab n orm ality .
TO sum up what i s  known o t the c l i n i c a l  p ic tu re  in FA hom ozygotes, a 
d e fe c t  in  th e bone marrow i s  c le a r ly  combined w ith  a b iza rre  
assortm ent o f c o n g e n ita l m alform ations a f f e c t in g  a v a r ie ty  o f  t i s s u e s  
and sv stem s. The b a s is  o t the v a r ia b le  m a n ife s ta tio n s  of FA i s  s t i l l  
unknown. A lth o ft (1953) p o in ted  out th a t the d if f e r e n t  organ system s  
fr e q u e n tly  in v o lv ed , a l l  undergo embryonic d i f f e r e n t ia t io n  a t  a 
s im ila r  tim e (24th  to  34th day ot fo e ta l  l i f e ) .  The author thus 
su ggested  th a t a s in g le  e a r ly  embryonic d e te c t  may be r e sp o n s ib le  tor  
inducing a l l  the la t e r  m a n ife s ta tio n s  o f the d is e a s e .
1 .4 .3  C lin ic a l  anom alies in the F a n co n i's  anaemia b etero zy g o te
H eterozygous c a r r ie r s  o t  the FA g e n e , a lth ou gh  u su a lly  h e a lth y , may 
a ls o  be p red isposed  to  some o f the c o n g e n ita l m alform ations or 
developm ental d i s a b i l i t i e s  th a t are common among hom ozygotes (Gmyrek 
and Syllrn-Rapoport, 1964: A ltay  e t  j i l . ,  1975: Welsh imer and S w if t ,
1 9 8 2 ). In 25 fa m ilie s  s tu d ied  by Welshimer and S w ift (1 9 8 2 ) , th ere  
was a s ig n i f i c a n t  e x c e s s  of in d iv id u a ls  u n a ffec ted  by ’c l a s s i c '  FA 
( i . e .  p o s s ib le  FA h e tero zy q o tes) , w ith  m u ltip le  m alform ations, 
e s p e c ia l ly  g en ito u r in a ry  and d i s t a l  limb an o m a lies . These fe a tu r e s  
were not found in  a com parative sample o t AT and XP r e la t iv e s ,  
although  tfie la t t e r  a ls o  showed minimal ex p ress io n  o t the d is e a se  
a f f e c t in g  some members o f th e ir  f a m il ie s .  There was however, no 
e x c e s s  o t ia e m a to lo g ica l d iso r d e r s  in th e FA f a m il ie s .  S in ce  
h e te r o z y g o s ity  is  e stim a ted  a t  \ minimal frequency of 1 in 300 in  
North America and o f 1 in  125 in mid-Burope (se e  s e c t io n s  1 .2  and
4 . 1 . 3 ) ,  FA h e tero zy g o te s  may th e r e fo r e  c o n s t i t u t e  a s ig n i f i c a n t  
proportion  ot in d iv id u a ls  a t - r i s k  tor s p e c i f i c  m alform ations or 
developm ental a b n o r m a lit ie s .
S w ift e t  a l . (1972) noted an in creased  p revalen ce  ot d ia b e te s  
m e ll i t u s  in th e r e la t iv e s  (n = 102, fjro b a t)ility  o f t ie te r o zy q o sitv  
> 0 .125) o f 8 probands Ixxtozyqous tor FA. I t  was observed  th a t -em aie  
c a r r ie r s  o f th e FA qene were a ^ r o x iii ia te ly  6 tim es more l i k e l y  than  
normal c o n tr o ls  to  be a f f e c te d  or d ie  o t d ia b e t e s ,  w h ile  male 
h etero zy q o tes  were ro t a t  a s iq n x f ic a i t l y  g r e a te r  r isk  o t d evelop in g  
d ia b e te s  than the g en era l p o p u la tio n . (In th e  p resen t stu d y , o n ly  1 
o f the 18 fem ale o b lig a to r y  h e tero zy g o te s  was known to  be a f f e c te d  oy 
d ia b e t e s ) . The s ig n if ic a n c e  and b io lo g ic a l  m eaning, i f  any, o f  t h is  
d if fe r e n c e  in  r is k  e s t im a te s  between th e se x e s  are a t t h i s  s ta g e  
u n c le a r .
1 .4 .4  D ia g n o stic  c r i t e r i a  and d i f f e r e n t ia l  d ia g n o s is  o t F a n co n i's  
anaemia
The d ia g n o s is  o t FA may o f te n  be su sp ected  a t  b ir th  when s u g g e s t iv e  
c o n g e n ita l anom alies prompt chromosome s t u d ie s , which rev ea l a high  
in c id en ce  o t spontaneous chromosomal a b e r r a t io n s . H ovever, not a l l  
c a s e s  o t FA are ch aracter] zed by h igh  r a te s  o t  spontaneous chromosome 
b reak age. (See s e c t io n  1 .6 .1 ) .  Furtnerm ore, c a r e fu l p h y sica l 
exam ination cannot in d ic a te  whether marrow f a i lu r e  w i l l  d eve lop , and 
c ta r a c r .e r is t ic  c o n g e n ita l anom alies may be found in FA fam ily  members 
who have never developed  p a n cy to p en ia . (See s e c t  ion 1 .4 .3 )
It ty p ic a l  c o n g e n ita l inomn1le s  and chromosome breakage are p r e se n t , 
th e d ia g n o s is  may be p o s i t iv e ly  e s ta b lis h e d  w ith  the developm ent o t  
bone marrow f a i l u r e .  If no (Physical d e te c t s  are  ap p aren t, 
pancytopenia  in a f f e c te d  s ib l in g s  may su g g est the c o r r e c t  d ia g n o s is  
which should then tie oont i rm«\i by chromosome a n a ly s i s .  The f i r s t  
a f f e c te d  member of an FA fa m ily  must tie su b jec ted  to  chromosome 
s tu d ie s  to  a id  in the d ia g n o s is .  An e le v a te d  le v e l  o t  fo e ta l  
haemoglobin (HbF) may su g g e st a d ia g n o s is  o t  FA# but i s  
n o n -s p e c if ic .  (See s e c t io n  1 .4 .2 )
T h ere fo re , a lth ough  a b so lu te  d ia g n o s t ic  c r i t e r ia  cannot be d e f in e d ,  
the fo llo w in g  g u id e l in e s  should  be employed in  the e sta b lish m en t o f a 
d ia g n o s is  ( Beard, 1976):
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i .  c h a r a c t e r is t ir  co n g en ita l d e te c t s  a s so c ia te d  w ith  delayed  
o n se t ton e  marrow ta i iu r e :  or
1 1 . ton e marrow fa i lu r e  e ith e r  fa m il ia l  or in o n ly  one c h i ld ,
w ith out c o n g e n ita l m alform ations, but w ith  an e le v a te d  number 
o f  chromosomal a l ie n a t io n s .
In the e sta b lish m en t o f the d i f f e r e n t ia l  d ia g n o s is  o f FA, a number o f  
d if f e r e n t  c o n d it io n s  must be c o n s id e r e d . These d iso r d e r s  may ne 
d iv id ed  in to  2 groups v i z .  (1) th ose  c r ia r a c te n z e d  by r a d ia l ano/or  
haem atologic a b n o rm a litie s  and (2 )  th ose  e x h ib it in g  chromosome 
in s t a b i I i t y .
Ttie main c o n d it io n s  which must be co n sid ered  in the d i f f e r e n t ia l  
d ia g n o s is  o f  FA a r e :
1 . CONDITIONS DISPLAYING RADIAL AND/OR HAKMATOLOGIC ABNORMALITIES
a) T rip h a lan cea l thumb w ith  n y p o p la stic  anaemia ( Autosomal r e c e s s iv e )
b) Thrombocytopenia and absent r a d ii (TAR) ( Autosomal r e c e s s iv e )
c ) Acquired a p la s t ic  anaemia
d) D y sk era to s is  co n gen ita  (U su a lly  X -lin ked  r e c e s s iv e )
e )  C o n s titu tio n a l a p la s t ic  anaemia w ith ou t c o n g e n ita l anom alies  
( Estren-Dameshok anaemia) (See s e c t io n  1 .4 .1 )
f ) C o n s t itu t io n a l a p la s t ic  anaemia -  type II ( see  s e c t io n  1 .4 .1 )  
q) Blackfan-Diamono syndrome ( Autosomal r e c e s s iv e )
2 . CHROMOSOME BREAKAGE SVNDROMES (Autosomal r e c e s s iv e )  
a) A taxia  t e la n g ie c ta s ia
h) B lodi)1 s syndrome
c) Xeroderma pigmentosum
1. C o n d itio n s d isp la y in g  radi >1 and/or haem atologic a b n o rm a litie s
T rip h a lan gea l thumb w ith  h y p o p la stic  anaemia was f i r s t  d escr ib ed  in 2 
male s m s  by Aase and Smith (1969) and su b seq u en tly , some c a se s  have 
been confu sed  w ith  FA (Jones and Thompson, 1973). However, 
e s s e n t i a l l y  th ere  sfxiuld be no cause for co n fu sio n  a s ,  u n lik e  FA, the  
haem atologic problems in tr ip h a la n g ea l thumb w ith  h y p o p la stic  anaemia 
d ev e lo p  a t b ir th .
:Thrombocytopenia and abaent r a d ii  (TAR) i s  c h a r a c te r iz e d  by c l i n i c a l  
fe a tu r e s  s im ila r  to  th ose found in FA/ but i t  liau tieen concluded th a t  
th ese  2 d iso r d e rs  a i\  probably u n re la ted  (H ail e t  a l . ,  1 9 6 9 ). Table
1 .2  summarizes the p o in ts  ot d i f f e r e n c e .
TABLE 1 .2  Comparison between the most frequent c l i n i c a l  fe a tu r e s  o f  
F an con i1 a anaemia and throm bocytopenia w ith  absent r a d ii
FEATURE FA TAR
Age a t  o n se t of
haem acological symptoms U su a lly  9-10  years Infancy
Absent r a d ii  but thumbs (fare In a l l  p a t ie n ts
p resen t
C ardiovascu lar d e te c t s Uncommon Common
Hyperpigm entation Very common Rare
Other c o n g e n ita l d e f e c t s Common Rare
Bone marrow fin d in g s G en era lized  a p la s ia Reduced mega­
k a ry o cy tes , but 
w hite and red  
blood c e l l s  
normal
F oeta l haemoglobin Otter, in crea sed Normal
Lymphocyte chromosomes Increased  breaks Normal
P rognosis Poor Good i t  
su r v iv a l  
exceed s 1 year
( a f t e r  Beard, 1976)
I t  i s  o f in t e r e s t  th a t s k e le t a l  . le t e c t s  in v o lv in g  th e la t e r a l  r a d ia l  
a sp e c t o f the forearm 1 hand are e i th e r  common 
or  an in te g r a l p art o f FA, TAR and tr ip h a la n g e a l thunt) w ith  
h y p o p la stic  anaem ia. There i s  a t  p resen t no known ex p la n a tio n  for  
t h i s  a s s o c ia t io n  o t  bone marrow d y sfu n c tio n  and c o n g e n ita l s k e le t a l  
d e te c t s  o t  th ese  p a r t ic u la r  s i t e s .
TABLE 1 .3  Comparison between the moat treq u ent c l i n i c a l  fe a tu r e s  o f  
F a n co n i's  anaemia and d y s k e r a to s is  co n g en ita
D y sk era to s is  co n g em -a F a n co n i's  anaemia
Mode o f in h er ita n c e U su a lly  X -lin k ed  r e c e s s iv e , Autosomal
can be autosom al r e c e s s iv e  
or dominant
r e c e s s iv e
M:F sex r a t io 10:1 2:1
(approxim ate)
B ir tn  w eight U su a lly  normal Low
M icrocephaly Absent P resent (40%)
Eyr a b n o rm a litie s Fr-iphora and /or s t e n o s i s Strabism us (22%:)
o f punctae la cr im a l i s M icrophthalamia
(78%) (16%)
Leukoplakia P resent (87%) Absent
A lopecia P resen t (51%) Absent
Hyperpigm entation P ie sen t (100%) Present (77%)
N a il dystrophy P resent (98%) Ab&t i t
_ l e t a l  m alform ations Rare P resent (66%)
In tern a l a b n o rm a litie s Oesophageal d iv er ticu lu m Renal anom alies
or s t r ic t u r e :  dysphagia  
(59%)
(28%)
S ta tu re H yposthenic b u ild  (54%) Short (60%)
Mental d e f ic ie n c y Ihreoent (42%) Present (17%)
Marrow a p la s ia P resen t (52%) Present (100%)
(d elayed  o n s e t ) (d elayed  o n se t)
M alignancy No leukaem ias rep orted Leukaemias
reported
Chromosomal
a b e r ra tio n s
Absent Present
Immunological d e fe c t Present V ariab le
(based on S ir in a v in  and Trowbridge 197') and -  FA in c id e n c e s  based on 
A lte r  e t  a j 1981)
D y sk era to s is  co n g en ita  i s  i rare geiK xlerm atosi•: ch a r a c ter iz ed  by sk in  
h yp erp igm en tation , n a i l  dystrophy and leu k o p la k ia  o t th e o r a l mucosa 
(S ir in a v in  and lYowbr;d g e , 1 9 7 5 ). T h is d iso r d e r  sh a te s  many le a tu r e s  
w ith  FA, but d if t e r e i ic e s  are a ls o  c l e a r ly  e v id e n t (S te ie r  e t  a l 
1 9 7 2 ), a s  sunm arized in  Table 1 .3 .
T h erefo re , d y s k e r a to s is  co n g en ita  and FA have among o th er  fe a tu r e s ,  
d elayed  bone marrow f a i l u r e , abnormal sk in  p igm en tation  and poor 
growth in  common. More im portant, s k e le t a l  and ren al a b n o rm a litie s  
are p resen t in  FA and ab sen t in d y sk e r a to s is  c o n g e n ita , and in  
a d d it io n , chromosomal f in d in g s  in d y sk e r a to s is  co n g en ita  are norm al, 
even fo llo w in g  D C B -stressing (Auerbach e t  a l . ,  1979b) (See s e c t io n  
1. 6 . 2 . 1. 2 )
C o n s titu t io n a l a p la s t ic  anaemia (Type I I ) in  c o n tr a s t  w ith  FA, 
c o n s is t s  o f  a m egakaryocytic throm bocytopenia th a t i s  p resen t a t  
b ir t h , fo llo w ed  by the subsequent developm ent o f  pancytopenia ( Bloom 
e t  a l . .  19 6 6 ).
B lackfan -  Diamond syndrome i s  an autosom al r o o » ss iv e  d iso rd er  which 
may be encountered  in th e newborn and i s  { iro g ressiv e  and 
n o n -reg en era tiv e  (McKusick, 1 9 7 8 ). There i s  no e r y t h r o b la s to s is ,  
h aem olysis or hepatosp lenam egaly  and th e leu k o cy te s  and p la t e l e t s  are  
u su a lly  normal ( I b id ) .  T his co n d it io n  may be confused  w ith  c a se s  c f  
FA w ithout a s so c ia te d  c o n g e n ita l a n o m a lies . (Hirschman e t  a l . ,
1969; A lter  e t  a l . ,  198 1 ).
2 . Chromosome breakage synuromes
F a n co n i's  anaemia sh ou lo  not tie regarded as t» in g  unique w ith  re sp e c t  
to  chromosome i n s t a b i l i t y . I t  i s  th e r e fo r e  deemed n ecessa ry  to  
in c lu d e  b r ie f ,  and by no means com prehensive, o u t l in e s  o f  the o th er  
c l a s s i c  chromosome breakage syndrom es. I t  i s  hoped th a t th ese  
overv iew s w i l l  a id  in en ab lin g  the reader to  view  FA in  the c o n te x t  
o f  being one ot a number o f  d iso r d e r s  c h a r a c ter iz ed  by chromosomal 
i n s t a b i l i t y .
The term 1 h y p e r s e n s it iv ity '  d is e a s e s  d e s c r ib e s  th o se  d iso r d e r s  
c h a r a c ter iz ed  by in crea sed  chromosomal in s t a b i l i t y #  presum ably due to  
d e f e c t iv e  :.A r e p l ic a t io n  and /or rep a ir  (C lea v er , 198 0 ). These 
in c lu d e  d is e a s e s  such as Cockayne’s  syndrome; p ro g er ia ;
C hediak-H igashi syndrome; tuberous s c l e r o s i s  and n eu ro fib ro m a to sis;  
in c o n t in e n tia  p igm en ti; scleroderm a (p r o g r e ss iv e  system ic  
s c l e r o s i s ) ;  p o r o k e r a to s is  o f  M ib e lli;  Kostmann's a g r a n u lo c y to s is ,  
and b asa l c e l l  nevus syndrome ( l e t t  and Lehmann, 1978; Sandberg, 
1980; Lehmann, 198 1 ). Most o f th e l a t t e r  d is e a s e s  are th e  r e s u lt  o f  
s in g le  gene m utations md many o f  them, but not a l l ,  have been found 
to  be a s s o c ia te d  w ith  an in creased  r isk  o f  m alignancy (Sandberg, 
1 9 8 0 ).
B est c h a r a c ter iz ed  among the 'h y p e r s e n s i t iv i ty  d is e a s e s '  are the  
well-known c l a s s i c  'chromosome bre a kage syndrom es' v iz .  F a n co n i's  
anaemia (FA), a ta x ia  t e la n g ie c t a s ia  (AT), Bloom 's syndrome and 
xeroderma pigmentosum (X P). I t  i s  o f  in t e r e s t  to  note  th a t a lth ough  
p a t h o lo g ic a lly  and c l i n i c a l l y  d i s t i n c t ,  FA, AT, BS and XP do have a
number o f fe a tu r e s  in common (A r le t t  and Lehmann, 1978; Sandberg
1980; B rr n ste in , 1981), among wh'Ch a re;
i . autosom al r e c e s s iv e  mode o f in h er ita n c e
i i . rare in c id en ce
H i . stu n ted  growth
i v . pigm entary changes
V. a lte r e d  im m unological resp on ses
v i . probable d e fe c t s  in LNA rep a ir
v i i . spontaneous chromosomal i n s t a b i l i t y  in FA, BS and AT; and
o n ly  induced in s t a b i l i t y  in  XP
v i i i . in crea sed  p r e d isp o s it io n  to  the developm ent o f  m alignancy
The major c l i n i c a l  fe a tu r e s  o f AT, bS and XP w i l l  now tx? d is c u s se d .  
The c y to g e n e t ic  a b n o rm a litie s  and p o s tu la te d  rep a ir  d e fe c ts  
a s so c ia te d  w ith  th ese  d iso r d e r s  are d isc u sse d  in s e c t io n s  1 .6 .5  and 
1 .8  r e s p e c t iv e ly .
A taxia t e la n g ie c t a s ia  (AT) (L ouis-B ar syndrome) i s  a rare g e n e t ic
c o n d it io n  which i s  m m sm itted a s  an auto>x3ina.L r e c e s s iv e  t r a i t  
(T adjoeoin  arid b 'raser, L9o5) . T his syndrom-- i s  r e la t iv e l y  common in  
Moroccan Jewti (an in c id en ce  ot approxim ately l:tiC X)), presumably due 
to  a founder e f t e c t  (Levin and [V«rlov, 1 9 7 1 ). The frequency o l  the
hdnozyyoua c o in iit io n  in  the g en era l populai i- lias been e stim a ted  to
be 1 in 40 000 ( S w if t ,  1976b).
P a t ie n ts  u su a lly  appear normal a t b ir th ,  but oey in  to  e x h ib it
c e r e b e lla r  a ta x ia  a f t e r  a tew months ot l i f e .  The a ta x ia  i s
progressive and le a d s  to  det;eneration  ot the c e n tr a l nervous system . 
T e la n g ie c ta s ia s  appear on the bulbar co n ju n c liv a e  between the th ird  
and s ix th  years o t l i f e  and then u su a lly  spread to  th e face  and 
sometimes the body (P aterson  and rm ith , 1979: Sandberg, I9 6 0 ) .
O ften , but not a lw ays, im m unological d e te c t s  are p r e se n t . These 
d e fe c t s  in v o lv e  uoth c e ll-m e d ia te d  immunity, r e s u lt in g  in poor g r a f t  
r e je c t io n  and humoral immunity, g iv in g  r i s e  to  low l e v e l s  o f IgA and 
o c c a s io n a l ly  IqE (Lehmann, 19U1).
Death o f te n  r e s u l t s  b efo re  ttie age o t 20 e ith e r  from sinopulm onary  
in f e c t io n s  due to  the imntne -.n -tic iency or from m align an cies in the  
th ird  decade o t l i f e  ( I b id ) .  The in c id en ce  ot cancer i s  in creased  
approxim ately  1 2 0 0 -to ld  over age-m atched c o n tr o ls  (Lehmann, 1 9 8 1 ). 
Cancer, which accou n ts tor 10% of AT d ea th s (P aterson  and ilm ith, 
1 9 7 9 ), p r im a r ily  a f f e c t s  lyinpiiorevicular t i s s u e s ,  but s o l id  tumours 
o f  the g a s t r o in t e s t in a l  t r a c t s ,  o v a r ie s  and c e n tr a l nervous 
system  have a ls o  been d escr ib ed  (Ray and O rman, 1981). S w ift  
(1976b) reported  th a t AT h e tero zy g o te s  are a ls o  more prone to  
d evelop  m a lig n a n c ies  tlian the normal p o p u la tio n . (See s e c t io n
5 .3 .4 )
P a tie n ts  w ith  AT oliov h y p e r s e n s it iv ity  to  io n iz in g  r a d ia t io n s  a t  
U»e c l i n i c a l  and c e l l u la r  le v e l s  (Morgan e t  n^l., 1968; H igurashi 
and Conen, 1973; Taylor ut j l . ,  1975, 1*76; Natarajan and Meyers, 
1 9 7 9 ). he c l i n i c a l  m a n ife s ta tio n  o t t l i i s  s e n s i t i v i t y  i s  an o fte n  
f a t a l  r e a c tio n  to  X-ray th eiap y  in the treatm ent o t s o l id  tumours 
(Morgan e t  a l . ,  1968; C u n lit te  _ai •» 1 9 7 5 ).
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Bloom1a ayndrome ( BS) i s  in h e r ite d  a s  an autosom al r e c e s s iv e
d iso rd er  (German e t  a l 1965) .  T h is ex-nd i t  ion i s  the r a r e s t  o f
th e chromosome breakage syndromes ( G ia n o l l i , 1980 ), but i s  found 
more fr e q u e n tly  among Ashkenazi Jews l iv in g  in th e United S ta te s  o f  
America (German, 1979a). To d a te , no ca se  o f BS has been
documented in  Ashkenazi Jews o f South A fr ic a . The in c id en ce  c f  BS
i s  h igher in  m ales than in  fe m a le s , w ith  a r a t io  o f  1.61 to  1 
(German, 1 9 7 4 ). There i s  no known reason fo r  t h i s  a lte r e d  sex  
r a t io ,  but in t e r e s t in g ly ,  a s im ila r  s h i f t  i s  seen in  FA. (See  
s e c t io n  1 .3 )
The major c l i n i c a l  fe a tu r e s  o f BS are in tr a u te r in e  growth r e ta rd a tio n  
lea d in g  to  s tu n ted  growth and p ro p o rtio n a l dw arfism . F a c ia l and 
c o n ju n c tiv a l t e la n g ie c t a s e s  are p resen t and th ese  a re  u su a lly  
exaggerated  on exposure to  s u n lig h t  (German, 1 9 7 3 a ). The l e v e l s  o f  
one or more o f th e c ir c u la t in g  iram unologlooulins ( u s u a lly  IgA and 
IgM) are  d ecreased  (German, 1973b ). The la t t e r  f in d in g  probably  
accounts fo r  th e p r e d is p o s it io n  t o  in f e c t  on seen  during ch ild liood  
. I t i d ) . T h is s u s c e p t i b i l i t y  to  in f e c t io n s  su b seq u en tly  s u b s id e s , but 
a sev ere  d istu rb a n ce  in  iimnunity rem ains d em on strab le . The in c id en ce  
o f  cancer i s  much h igh er among BS ' i t i e n t s  than in  th e  gen era l  
p op u la tion  (German, I960, 1974: German e t  a l . ,  1977b ). The
predominant cancer seen  i s  leukaem ia, but lymphomas and tumours o f  
th e r e sp ir a to r y  and a lim en tary  t r a c t s  and o f  the kidney are a ls o  know 
to  occur (Ray and German, 1 9 8 1 ).
Xeroderma pigmentosum (XP), l ik e  th e  o th er  c l a s s i c  chromosome 
breakage syndrom es, i s  a ls o  tra n sm itted  as  an autosom al r e c e s s iv e  
t r a i t  (A r le t t  and Lehmann, 1978; Sandberg, 198 0 ). XP has been found 
in  a l l  r a c ia l  groups and ttie in c id en ce  o f homo zy g o tes  i s  e stim a ted  to  
be 1 in 250 000 (Robbins e t  a l . ,  1974 ).
C l in i c a l ly ,  XP i s  p r im a r ily  c h a r a c ter iz ed  by acu te  sk in  s e n s i t i v i t y  
to  s u n l ig h t .  T his m a n ife sts  a s  sunburn, fr e c k lin g , hypo- and 
hyp erp igm en tation , k e r a to s is  and f i n a l l y  m u ltip le  sk in  carcinom as and 
melanomas. These sk in  can cers are  th e usu al cause o f  d ea th , which 
m o stly  occu rs b efore  the age o f  30 years ( Robbins e t  a l . ,  1 9 7 4 ). The
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sk in  le s io n s  are seen  predom inantly on a rea s  o t the sk in  ex p jsed  to  
s u n l ig h t .  Sane p a t ie n ts  a ls o  s u t le r  irom n e u r o lo g ic a l a b n o r m a lit ie s , 
mental r e ta rd a tio n  and growth—r eta rd a tio n  (A r le t t  and [>?hmann, 1 9 7 8 ).
G enetic  h e te r o g en e ity  was l i r s t  su sp ected  on c l i n i c a l  grounds s in c e  
the c h a r c t e v i s i t i c  sk in  le s io n s  are accanpanied by n e u r o lo g ic a l  
a b n o rm a litie s  in some p a t ie n ts  and l a m i l i e s , but not in o th ers  
( G i a n e l l i , 1980). T his p r e d ic t io n  was c o n c lu s iv e ly  confirm ed by th e  
r e s u l t s  o t c e l l  h y b r id iz a tio n  and com plem entation s tu d ie s  using  
f ib r o b la s t s  from d if f e r e n t  XP p a t ie n t s .  I t  i s  now well-knovr* th a t  
th ere  are a t l e a s t  8 d i s t in c t  XP com plem entation g ro u p s, namely typ es  
'A' to  'G1 and ' varian t*  XP (C leaver and Bootsma# 1975; C leaver e t  
a l 1975;  Kraemer e t _ a l . ,  1975; Lehmann e t  a l . ,  1975; Arase e t  
a l . ,  1979; K eijzer  e t  a l . ,  1979; Robbins and M osh ell, 1 9 7 9 ;) .  
Complementation groups A to  G can p r ise  80 to  90 percent o f XP 
p a t ie n t s ,  w h ile  th e  rem aining 10 to  20 percent o f  XP p a t ie n ts  are  
termed 'v a r ia n ts '  ( G i a n e l l i , 1980). The frequency and d is tr ib u t io n  
o f the d i f f e r e n t  XP m utations vary accord in g to  e th n ic  groups (Takebe 
e t  a l . ,  1977).
In c o n c lu s io n , i t  i s  apparent th a t a number o t w id e ly  d if f e r in g  
c o n d it io n s  should be con sid ered  in th e  d i f f e r e n t ia l  d ia g n o s is  o f  FA. 
However, in most c a s e s ,  FA i s  c le a r ly  r eco g n iza b le  and may be 
regarded as a c l i n i c a l l y  d i s t in c t  d iso r d e r .
1 .4 .5  Treatment of IVinconi's  anaem a 
Drug Therapy
The treatm ent regimen adopted tor pancytopenia FA p a t ie n ts  i s  s im ila r  
to  th a t g iven  to  p a t ie n ts  w ith  acqu ired  a p la s t ic  anaemia v iz .  
su p p o rtiv e  c a r e , androgens and s t e r o id s  (M ille r  and O 'R e illy , i9 o 4 ) .  
More s p e c i f i c a l l y ,  the b e s t  treatm ent rem ains a can b in ation  o l  
androgenic s te r o id s  and a low dose o t  p red n iso lo n e , a s  o r ig in a l ly  
proposed by Diamond and Sliahidi (1 9 6 7 ) . Although most FA p a t ie n ts  
g e n e r a l’ y show a good haem atoloq ical respon se to  t h i s  th erap y , and 
f a i r l y  long-term  rem ission  may occur (McDonald and Mibashan, 1968),
treatm ent must u su a lly  be g iv en  c o n tin u o u s ly , as r e la p se s  are in most 
in s ta n c e s  the ru le  a f t e r  d isco n tin u a n ce  ( I b id ) .
The co m p lica tio n s  o f androgen therapy may oe most d i s t r e s s in g  for  ttie 
p a t ie n t ,  p a r t ic u la r ly  v i r i l i z a t i o n  in  fem a les , and a cn e . L iver  
t o x i c i t y  rem ains one o f  the more s e r io u s  co m p lica tio n s  o f the  
1 7 -a lk y la te d  androgenic s t e r o id s  used in therapy ( Beard, 1 9 7 6 ).
Obeid e t a l .  (1900) rep orted  th at jau ndice and hepatom egaly developed  
in  a boy w ith  FA, a f t e r  he had undergone treatm ent w ith  oxym etholone 
for  9 y e a r s . The d isco n tin u a n ce  o f  t h i s  treatm ent reso lv ed  the  
jau nd ice  and le d  to  a d ecrea se  in l iv e r  s i z e .
The r is k s  o f  long-term  androgen therapy are d i f f i c u l t  to  a s s e s s  
because o f th e r e la t iv e  p a u city  o f FA c a se s  and the sm all number o f  
long-term  s u r v iv o r s . The p a t ie n t  d escr ib ed  by Obeid et. a l . (1960) 
developed  an h ep a tic  tumour and leukaem ia fo llo w in g  long-term  
oxym etholone therapy. T his r a is e s  th e p o s s ib i l i t y  o f  oxym etholore  
e x e r tin g  a te r a to g e n ic  e f f e c t .  Increased  c e l l  p r o l i f e r a t io n  oc.-urs 
when marrow h yp op lasia  i s  tr e a ted  w ith  androgens and m oreover, t h is  
in creased  p r o l i f e r a t iv e  r a te  would in  FA be accompanied by an 
in crea sed  m utation r a te  due to  tlie in h eren t chromosome in s t a b i l i t y  in  
FA (M eisner e t  a l . ,  1978 ). Thus, androgen therapy may in  fa c t  be 
in stru m en ta l in c r e a tin g  c o n d it io n s  favou rab le  tor the developm ent o f  
m alignant c lo n e s  -  even normal c e l l s  su b jec ted  to  in creased  
p r o l i f e r a t io n  demands, have been slx/wn to  be a t  a .ugh  r isk  for the  
developm ent o f leukaem ia ( dameshek, 1967). However, i t  must be 
emphasized th a t not a l l  leukaem iae occu rr in g  in  FA p a t ie n ts  are  
tr e a tm e n t-r e la te d ; o f 8 reported  c a s e s  o f  leukaem ia in FA 
homo z y g o te s , o n ly  4 p a t ie n ts  tiad rec e iv ed  oxym etholone therapy p rior  
to  the developm ent o f  leukaemia (Obeid e t  a l . ,  1980). (The p o s s ib le  
oncogen ic  e f f e c t s  o f  androgens i s  fu rth er  d isc u sse d  in  s e c t io n
5 .3 .5 .1 . )
In growth hormone d e f ic ie n t  c a s e s , combined treatm ent w ith  growth 
hormone p lu s  androgens r e s u l t s  in a g r e a te r  growth a c c e le r a t io n  than 
d oes the use o f gro\/th  hormone a lo n e  (Nor dan e t  a l . ,  1979 ). 
Pancytopenia i s  not liowever in flu e n c e d  by growth hormone th erapy.
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Bone Marrow T ran sp lan tation
At th e tim e o f  w r it in g , bone marrow tr a n sp la n ta tio n  rem ains a 
d i f f i c u l t  procedure w ith  a h igh  m o r ta lity  r a te  and dou urfu l 
e f f i c a c y .  In 1977, B arret e t a l . rep orted  one p a t ie n t  who was 
o s t e n s ib ly  'c  ao' fo llo w in g  a s u c c e s s fu l  bone marrow tr a n sp la n t .  
Gluckman e t  a i . (19ki0) r> ced th a t o f 5 FA p a t ie n ts  tr e a ted  by bone 
marrow tia n sp  in ta tio n  from HLA id e n t ic a l  d on ors, o n ly  1 p a t ie n t  
su rv iv ed  fo r  more than 3 y e a r s . The o th er  4 p a t ie n ts  d ied  o f  a cu te  
sev ere  G ra ft-v ersu s  Host d is e a s e  (GVHD) soon a f t e r  g r a f t in g . To the  
w r it e r 's  know ledge, th ere  are no rep o rts  o f  in creased  breakage in  
donor c e l l s ,  in d ic a t in g  the probable absence o f  a 'breakage fa c to r '  
in  the serum o f  FA p a t ie n t s .  (See s e c t io n  1 .7 .3 )
Severe cyclophospham ide t o x ic i t y  was a ls o  encountered fo llo w in g  bone 
marrow tr a n sp la n ta tio n  (Gluckman e t  a l . ,  1 9 0 0 ). The r a te  o f  
chromosome a b erra tio n s  in FA lym phocytes i s  s i g n i f i c a n t ly  in creased  
when th e c e l l s  are incubated  w ith  the s e t  urn o f  a p a t ie n t  tr e a te d  w ith  
high dose cyclophospham ide (B erger e t  a l . ,  1980b). T h is fin d in g  
probably in d ic a te s  th e  need to  modify th e  tr a n sp la n ta tio n  
c o n d it io n in g  regimen in  FA p a t ie n t s .
In an e f f o r t  to  d e v is e  a l e s s  to x ic  immunosauppressive regim en, 
Auerbach e t  a l . (1983 compared the c la s to g e n ic  e f f e c t  o f  
cyclophospham ide w ith  th a t o f  procarbazine in  c e l l s  from FA 
homozygotes and nor a l  c o n tr o ls .  I t  was noted th a t FA c e l l s  were not 
more s e n s i t iv e  than normal c e l l s  to  procarb azin e-ind u ced  chromosome 
b reakage. Procarbazine may th er e fo re  be a s a fe r  drug than 
cyclophospham ide for immunosuppression o f  FA p a t ie n ts  in  prep aration  
for  bone marrow tr a n s p la n ta t io n .
G en era lly , because o f  the r e la t iv e l y  good sh ort-term  o u tlo o k  fo r  FA 
p a t ie n t s ,  bone marrow tr a n sp la n ta tio n  i s  not recommended u n t i l  
androgen and s te r o id  therapy have t a i l e d .  However, the r e s u lt s  o f  a 
stu d y  by Deeg e t  a l . (1983) are ex trem ely  prom ising and in d ic a te  th a t  
s u c c e s s fu l  a l lo g e n e ic  bone marrow tr a n sp la n ta tio n  may in  fa c t  be 
f e a s ib le  in  FA hom ozygotes.
1 . 4 . 6  P rogn osis
P rior to  the use o f  s te r o id  and androgen th erapy, FA was u su a lly  
f a t a l  w ith in  2 y ea rs  o f  d ia g n o s is  (M ille r  and O 'R e illy , 1 9 8 4 ). At 
p r e se n t , th e o v e r a l l  median su r v iv a l for  FA p a t ie n ts  i s  5 years from 
the o n se t o f  a p la s t ic  anaemia (A lte r  and P o t te r , 19 8 1 ). Death i s  
u su a lly  due to  haemorrtiage or in f e c t io n .  The su r v iv o rs  o f  done 
marrow f a i lu r e  do however, appear to  be more s u s c e p t ib le  to  the  
developm ent o f m alignancy than u n a f f l ic t e d  in d iv id u a ls ,  e i t h e r  a s  a 
r e s u lt  o f  treatm ent or more l i k e l y ,  a g e n e t ic  p r e d is p o s it io n  to  
n e o p la s ia . (See s e c t io n  5 .3 .5 )
1 .5  FORMAL GENETICS OF FANOOMI'S ANAEMIA
Fanconi (1927) d escr ib ed  a syndrome o f fa m il ia l  a p la s t ic  anaemia and 
d isc u sse d  the p o s s ib le  presen ce  o f  a 1 c o n s t i t u t io n a l  f a c t o r 1. The 
a n a ly s is  o f 14 FA fa m ilie s  d escr ib ed  in  th e  l i t e r a t u r e ,  le d  R einhold  
(1952) to  the c o n c lu s io n  th a t FA i s  c h a r a c ter iz ed  by an autosom al 
r e c e s s iv e  mode o f  in h e r ita n c e . Most au th ors agreed  w ith t h i s  
c o n c lu s io n , and McKusick (1 9 6 6 ) , in th e f i r s t  e d it io n  o f ' Mendelian 
in h er ita n c e  in m an', regarded i t  a s  con firm ed . D isagreem ents were 
based p r im a r ily  on th ose  h e tero zy g o te s  who may show son.a c o n g e n ita l  
anom alies ty p ic a l  o f the syndrome. (See s e c t io n  1 .4 .3 )  These 
a ty p ic a l  c a se s  su g g ested  a dominant or in tem ed iary  mode o f  
in h er ita n c e  (Gmyrek ana Syllm -K apoport, I9b6: F an con i, 1 9 6 7 ).
S w ift -and H irschhom  (1966) p o in ted  ou t th a t , based on th e u ,ual 
c r i t e r ia  for  the d eterm in ation  o f  an autosom al r e c e s s iv e  mode o f  
in h e r ita n c e , th ere  i s  good ev id en ce  th a t FA i s  an autosom al r e c e s s iv e  
c o n d it io n :
i .  Many fa m il ie s  w ith  a f f e c te d  s ib l in g s  have been rep o rted , but 
none stiowed v e r t ic a l  tra n sm issio n  from p aren ts to  c h ild ;
i i .  In raro autosom al r e c e s s iv e  t r a i t s , an in creased  p reva len ce  o f  
p aren ta l co n sa n g u in ity  i s  exp ected  -  in a com piled s e r i e s ,  20% 
o f  the p a ten ts  o f FA p a t ie n ts  were r e la t e d , whereas the 
frequency o f con san gu in iou s m arriages in  th e  gen era l 
p op u la tion  s tu d ied  was 0.05% (F ancon i, 1 9 6 4 ).
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The r e s u l t s  o f  an e x te n s iv e  a n a ly s is  o f  21 fa m ilie s  p lu s  69 s ib s h ip s  
were f u l l y  com patib le w ith  a sim ple autosom al r e c e s s iv e  mode o f  
in h er ita n c e  (Schroecler e t  >1. > 1976b). Two o f  the la t t e r  a f f e c te d  
homozygotes had o ff sp r in g  who wete s t i l l  u n a ffec ted  a t  the tim e o f  
p u b lic a tio n  -  the one c h i ld ,  an 8 y e a r -o ld  boy had had d ia b e te s  
m e ll i tu s  s in c e  th e age o f 2 years ( s e e  s e c t io n  1 .4 .3 ) ;  the o th er  
c h i ld ,  a 7 y ea r -o ld  g i r l , was h e a lth y . In the l a t t e r  stu d y , the  
nurtoer o f sp orad ic  c a se s  was not g r e a te r  than exp ected  fo r  an 
autosom al r e c e s s iv e  d is o r d e r . A lthough a f f e c te d  m ales were somewhat 
more frequent than fem a les , t h is  sex  d if fe r e n c e  was a ls o  found among 
th e u n a ffec ted  s ib l i n g s ,  and i s  not s t a t i s t i c a l l y  s ig n i f i c a n t .  ( See 
s e c t io n  1 .3 )
Weicker (1959) noted th a t a f fe c te d  s ib l in g s  had an in creased  tendency  
to  occur ' in  r u n s ', and Qnyrek and Syllm~r<apoport (1964) m entioned an 
advanced m aternal age e f f e c t . However, Schroeder e t  a l . (1976b) 
found no ev id en ce  for  c lu s te r in g  o f  a f f e c te d  in d iv id u a ls  in the  
sequence o f s ib l in g s  and no m aternal age or b ir th  order e f f e c t ,  but a 
co m p lete ly  random sequence o f hea lth y  and a f f e c te d  s ib l in g s  w ith in  
th e ir  s ib s h ip s ,  a s  ex p e c ted .
T his c l i n i c a l l y  heterogen eou s d iso rd er  (se e  s e c t io n  1 .4 .2 )  i s  
a s so c ia te d  w ith a high in tr a fa m il ia l  c o r r e la t io n  fo r  age o f o n se t o f  
marrow a p la s ia , and probably the number and s e v e r ity  o f  m alform ations  
(Schroedcr e t  a l . ,  1976b). However, ap art from the c l a s s i c  form o f  
FA ch a r a c ter iz ed  by e a r ly  o n se t , s e v e r a l m alform ations and a 
m alignant c o u r se , an u n u su a lly  m ild , la t e  o n se t  ty p e , w ith  few 
m alform ations and a r e la t iv e l y  benign cou rse  , a ls o  seems to  e x i s t  
( I b id ) .
T his ' c l i n i c a l  h e te r o g e n e ity ' seen in FA has been confirm ed by 
som atic c e l l  h y b r id iz a tio n  experim ents ( rzew ski and S p er lin g ,  
1980a). T etra p lo id  hybrid f ib r o b la s t  s t r a in s  were c y to g e n e t ic a l ly  
analyzed  w itn  re sp e c t to  th e ir  Mitomycin C ( MMt') -  s e n s i t i v i t y .  (See  
s e c t io n  1 .6 .2 .1 .3 )  Complementation i s  co n sid ered  to  be an in d ic a t io n  
o f  g e n e t ic  h e te r o g e n e ity . T h erefore , th ese  h y b rid s, i f  
complementary, should  r e s u l t  in a normal frequency o f MMC-induced 
chromosomal damage. Hybrids between c e l l s  o f  a c l a s s i c  FA p a t ie n t
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and one w ith ou t s k e le t a l  m alform ations d id  not lead  to  MMC 
com plem entation . However, hybrids o t FA f ib r o b la s t s  between e a r ly  
and la te  o n se t  FA ty p e s , had a s u b s t a n t ia l ly  reduced ab erra tion  
r a t e .  The la t t e r  fin d in g  confirm s the p resence o f  a t  le a s t  2 
d if f e r e n t  FA com plem entation qroups. These r e s u l t s  have been 
confirm ed by a d d itio n a l s im ila r  in v e s t ig a t io n s  which a ls o  led  to  the  
d e te c t io n  o t  on ly  2 com plem entation qroups ( Y osh ida, 1982;
Zakrzewski and S p er lin q , 1983; Zakrzewski e t  a l . ,  1 9 8 3 ). I t  was 
th ere fo re  concluded by th**se authors th at in ter q e n ic  h e tero g en e ity  
p la y s  a much sm aller  r o le  in FA than in XP or AT. ( See s e c t io n
1 .4 .4 )
Schroeoer (1982) proposed th a t u n t i l  the b a s ic  g e n e t ic  d e te c t  i s  
d efin ed  and can ne assayed  d ir e c t ly ,  th e term 'FA v a r ia n t ' snould be 
reserved  fo r  those d iso r d e rs  which are sym p tom atica lly  ano 
c y t o g e n e t ic a l ly  id e n t ic a l , but d i f f e r  in com plem entation t e s t s  in 
c e l l  fu sio n  exp erim en ts.
To sum up, FA appears to ne a c l i n i c a l l y  and c y to g e n e t ic a l ly  
h eterogen eou s autosom al r e c e s s iv e  ;iso rd er  c h a r a c ter iz ed  by a t  le a s t  
2 'v a r ia n t t y p e s ' , t e  ch ildhood and a d u lt ty p e s . I t  should however, 
be s tr e s s e d  th at a lth ou gh  heterogeneous in e x p r e s s io n , FA fo llo w s  an 
autosom al r e c e s s iv e  mode o t in h e r ita n c e , in d ic a t in g  the probable 
presence o f  d i f f e r e n t  a l l e l e s  a t  the same or d i f f e r e n t  l o c i .
1 .6  CYTUGHNLTIC FINDINGS IN  FANOON T ' : ANAFMIA
l.C . 1 Spontaneous chromon(*nal at»»rrations in F an com 's anaemia
1 .6 .1 .1  H i a to r  ica  1 l >ar j rum u i
An in h eren t c y to g e n e t ic  d istu rb an ce in FA wai, f i r s t  repxirted 37 years  
a f t e r  the c l i n i c a l  syndrome was o r ig in a l ly  d escr ib ed  (F anconi, 1927; 
Schroeder e t  a l . , 1964 ). Scliroeder e t  a l . 1964) reported  th a t about 
25% o f the cu ltu red  lym phocytes from 2 a f f e c te d  b ro th ers  shower
chromosome a b e r r a t io n s . These anom alies were not found in  the  
p aren ts nor the yourujent brother o t  the p a t ie n t s .  T his was th e t i r s t  
human ca se  re^xirt in which abnormal susc* t i b i l i t y  o t som atic  
chromosomes to  sjw ntaneous breakage was ob:served in a s s o c ia t io n  w ith  
a fiered ita ry  t r a i t .  S u b seq u en tly , s im ila r  chromosomal f in d in g s  were 
d escr ib ed  in 2 o th er  rare autosom al r e c e s s iv e  d is o r d e r s , v i z .
Bloom 's syndrome (HS) (German, 1964) and =r txia  t e la n g ie c t a s ia  (AT) 
(Hecht e t a l . ,  1966). A number o t o th er  'chromosome i n s t a b i l i t y  
syndromes' have s in c e  tieen d e sc r ib 'd  in  winch th e c y to g e n e t ic  
changes (e ith e r  spontaneous or induced) are s im il ia r  to  th o se  in  FA, 
BS and XP. (See s e c t io n  1 .6 .5 )
1 .6 .1 .2  Spontaneous chromosomal a b e r ra tio n s  in p eriphe r a l  
blootj lym phocyte c u ltu r e s  from F an con i's  anaemia 
liomozyijotes
1 .6 .1 .2 .1  Q u a n tita t iv e  assessm en t
C ytogen etic  a n a ly se s  o t lym phocytes from more than 100 p a t ie n ts  w ith  
FA have now been p u b lish ed . The number o f  chromosome breaks and 
r e s u lt in g  abnormal c o n f ig u r a t io n s , v a r ie s  from c a se  to  c a s e .  U su a lly  
between 10 and SO o f p er ip h era l blood lym phocytes co n ta in  one or 
more breaks a f t e r  72 four c u ltu r e  (B u shk ell e t  a l . ,  1976). However, 
breakage r a te s  as h igh  a s  74% have been aocm tented (S w ift  and 
H irschhorn, 1966). Sasaki (1978) d is c u s se d  the p o s s i b i l i t y  o f  2 
groups o f FA p a t ie n t s ,  both o t which are ch a r a cter iz ed  by growth  
r e ta r d a tio n , o c ca s io n a l mental k -L iciency and co n g e n ita l  
m alform ations. His group ' A' c o n s i s t s  o f a l l  p a t ie n ts  w ith  a mean 
spontaneous breakage m u - o f 55.7%, whereas tlie mean spontaneous 
breakage r a te  in  group ' B ' i s  o n ly  5.9%.
S in ce  FA p r e se n ts  w ith  broad phenotypic d iv e r s i t y ,  o fte n  rendering  
c l i n i c a l  d ia g n o s is  d i f f i c u l t ,  spontaneous chromosome breakage has 
been su ggested  ay i lab o ra to ry  d ia g n o s t ic  to o l  to  d e te c t  a f f e c te d  
in d iv id u a ls  (Bloom -;r ,j_., 1966: S w ift and Hirschhorn 1 9 6 6 ).
Although ty p ic a i  chromosome changes are p resen t in  the overwhelming
m ajority  o f c a se d , a li w in d iv id u a ls  hiave been found who do not 
e x h ib it  s i g n i f i c a n t ly  in creased  a b erra tio n  fr e q u e n c ie s . At l e a s t  L6 
such c a se s  have tieen rep orted  in whom th e haema to  lo g ic  and phenotypic  
c o n s t i tu t io n s  su g g ested  f-'A, but the in c id en ce  o f spontaneous 
chromosome breakage was not retiuirkable enough to  e s t a b l is h  a 
d e f in i t iv e  d ia g n o s is  in  the absence o f ty p ic a l  phenotypic anom alies  
(Bloom e t  a l . ,  IVfeb; Nathanson e t  a l 196b; Vowels e t  a l . ,  1970; 
B ern ste in  e t  a l . ,  1971, von K oskul1 and A ula, 197j ;  B ushkell e t  
a l . , 1976; Doaik et^ U y , 1979; G ozdasoglu e t  a l . ,  1980; Cohen e t  
a l . ,  1982a).
Lubs and Samuelson (1967) concluded th a t v a r ia t io n  in chromosomal 
a b erra tio n s  seen  in  cu ltu red  normal lym phocytes e x i s t s  both between  
and w ith in  in d iv id u a ls  and between sex e s  and th a t sea so n a l v a r ia tio n  
i s  a ls o  p o s s ib le .
C le a r ly , the frequency o f aberrant c e l l s  o e te c te d , v a r ie s  w id e ly
among FA in d iv id u a ls  ( Bloom e t  U . ,  1966; Perkins e t  a l . ,  1969;
Beard e t  a l . ,  197j ;  Sasaki and Tonomura, 1973; Schmid and Fan con i, 
1978; Zaizov e t  a l . ,  197 9 ). Cohen e t  a l . ( 1982a) po in ted  ou t th at  
d if f e r in g  breakage r a te s  may rep resen t a c tu a l in d iv id u a l d i f f e r e n c e s , 
a s  in d ica ted  by tin? c o n s is te n c y  o f  th e  breakage frequency obta ined  in  
a repeat .itudy on e  icii o f three p a t ie n t s .  T his p o s tu la te  does not 
alw ays however, hold t r u e , s in c e  in  a d d itio n  to  in te r p a t ie n t  
v a r ia t io n , in tr a p a t ie n t  v a r ia t io n  was a ls o  ev id en t in some s tu d ie s  
wnen repeated  c u ltu r e s  were formed on the same p a t ie n t . Berger e t  
a l .  (1977) su b tec te o  a s in g le  FA in d iv id u a l to  8 c y to g e n e t ic  a n a ly se s  
on FHA-stimulated lym piiocytes over a 3 year p eriod ; the ab erra tio n  
frequency at d i f f e r e n t  tim»*s v a r ied  from a s  low as 5* to a s  high as  
42%. S im ila r ly , Schroeder e t  a l . (1976a) reported  a wide range in  
chromosome breakage freq u en c ies  (11% to 52%) in 19 blood c u ltu r e s  
from a male FA p a t ie n t  wlio was s tu d ie ii over  a 6 year p e r io d . S evera l 
aucliors have confirm ed th a t in tr a p a t ie n t  v a r ia t io n  i s  ev id e n t in FA, 
and th a t t h i s  v a r ia t io n  i s  probably nndom (Bloom e t  a l . ,  1966; 
Crossen et. a l . ,  1972; Bourgihji^ and H ill  1977; Zaizov e t  a l . ,
1 9 7 0 ). However, s e v e r a l breakage s tu d ie s  on a male A frican  FA 
p a t ie n t  over a p eriod  o f h y e a rs , showed s u c c e s s iv e ly  in crea s in g  
freq u en c ie s  o f chrom atid and chromosome break s, exchange
c o n fig u r a t io n s  and e n d o r e d u p lic a tio n a , r is in g  from 36% to  50% and 
la t e r  60%, a s  tne i l l n e s s  p rogressed  (Meme e t  a l . ,  1980 ). Contrary to  
t h i s  f in d in g , Zaizov c .  a l .  (1978) fo llo w ed  up 9 c h ild r e n , ranging in  
age from 3 and a h a lt  years to  9 y e a r s , for up to  14 y e a r s , and 
concluded th a t the numoer o f cu ltu red  lym phocytes w ith  chromosome 
aberrations' tend to  d ecrease  w ith  age and /or remi -non.
In g e n e r a l , c y to g e n e t ic  a b erra tio n s  rem ain, even when the p a t i° n t  i s  
in  spontaneous ot ttierapy-induced iiaeinatologica 1 rem ission  ( B eird, 
1976; M eisnei e t  a l . ,  1^78). There i s  however, some ev id en ce  tfiat 
s te r o id  therapy may in some c a se s  tend to  norm alize the chromosomal 
f in d in g s  in  cu ltu red  lym phocytes (Croaaen e t  a l . ,  1972)
B ushkell e t  a l . (1976) found no s ig n i f i c a n t  d if fe r e n c e  between tiie  
prop ortion  o t breakages in  sep a ra ted  T and 8 FA lym phocyte 
su h p o p u la tio n s . An unexplained fin d in g  was th a t the sep arated  T and B 
lym phocytes showed much higtier breakage r a te s  tiian d id  the  
a'uv^[»rat<'d lym phocytes from the same p a t ie n t s .  T his d if fe r e n c e  was 
not ev id e n t in thie nomktl c o n tr o l c u ltu r e s .
In surinary, in te r p a t ie n t  p lu s  in tr a p a t ie n t  v a r ia t io n  c h a r a c te r iz e s  
th e high in c id en ce  o f endogenous cliromosomal breakage noted in  
cu ltu red  lym phocytes from must FA homo z y g o te s .
1 .6 .1 .2 .  2 q u a l i t a t iv e  as s *?ssmcnt
The a b erra tio n s  to  discusa«.Ki in th i.i  s e c t io n  r e fe r  to  d if f e r in g  
anom alies o f s tr u c tu r e  a f f e c t in g  a v a r ie ty  o f  chromosomes in is o la te d  
FA c e l l s  d er ived  from in v i t ro c u l t u r e s ,  and do not in c lu d e  any 
s ta b le  s tr u c tu r a l or num erical cttangos o t the karyotyp e. As 
f t e v io u s iy  m entioned, th ese  s in g le  c o l l s  may rep resen t more than 50% 
o f  the t o t a l  m ito ses  screen ed  (och toed er and Kurth, 1971).
The a b e r ra tio n s  found in cu ltu red  FA c e l l s  may lie roughly c l a s s i f i e d  
under the fo llo w in g  h ead in gs;
i .  chrom atid and isochrom atid  <ups
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i i .  chrom atid and isochrum atid  breaks 
i l l .  a c e n tr ic  tratjments
i v .  chrom atid and iaochrom atid  d e le t io n s
v . reunion ticju res whi "h in c lix ie  r in g s ,  d ic e n t r ic s , 
t r i r a d ia l s ,  q u a d r ir a d ia ls  and complex exchange  
c o n tig o r a t io n s
(The reader i s  r e fer re d  to  s e c t io n  2 .6 .2  for d e f in i t io n s  o f th ese  
a b erra tio n  t y p e s . )
The most c h a r a c t e r is t ic  f in d in g  in FA c o n s i s t s  o f  a la rg e  proportion  
o f c e l l s  e x h ib it in g  ch rom atid -typ e gaps and b rea k s , w ith  a sm aller  
fr a c t io n  of c e l l s  e x h ib it in g  chromosome type gaps and breaks (Schmid, 
1967; P o la n i, 19 7 6 ). Schmid (1967) found th a t about 60% o f tl>i 
metaphasea showed chrom atid anom alies o f which 38% lad breaks and 
12.5% o f c e l l s  had more than one chrom atid brv ik per c e l l .  Only 1 to  
2% o f  c e l l s  con ta in ed  chromosome-type exchang* confirm ing the  
o b se rv a tio n s  o f  Schroed*r e t  a l . (1 9 6 4 ) . Bloom e t  a l . (1966) a ls o  
found no changes o f the la t t e r  type in th e ir  iO c a se s .
AJ.though chromosome exchange f i .urea are r a r e ly  p r e se n t , a
s ig n i f i c a n t  number o f chrom atid exchange c o n fig u r a t io n s  may be 
observed in con ju n ction  w ith breaks and g a p s . The number of 
chrom atid exch an ges, which lea d  to  th e form ation o f t r ir a d ia l  and 
q u ad rirad ia l reunion f ig u r e s ,  is  not la r g e , but i s  n e v e r th e le s s  in 
e x c e s s  of th a t found in normal co n tro l c u ltu r e s .  The in c id en ce  o f  
rep orted  cfirom,3tid excfvingu f ig u r e s  r.incjes from a few percent to  more 
than 25%, and ap^wars to  ixmi no c o r r e la t io n  to  the observed  
in c id en ce  o f breaks (Schmid, 1^67). For in s ta n c e , von KoskulX and
Aula (1973) noted a range o f  1.0% to 2.3V of rearrangem ent-bearing FA
c e l l s  in 5 c a s e s , compared to  -t com plete absence o f chrom atid  
exc fianges ui th e ir  c o n tr o ls ,  hubs and Samuel son (1967) rep o tted  an 
in c id en ce  of chrom atid in terch an ges l e s s  than 0 .002  per c e l l  in  
normal c o n tr o ls ,  i . e .  .'ess than 2 per 1000 c e l l s .  The presence o f  
exchange f ig u r e s  in F4 s tr o n g ly  su g g e s ts  th a t the observed breaks and 
probably gaps in FA are not m erely p o s t f ix a t io n  a r t e f a c t s .
In contrast; to  cu ltu red  Bloom 's syndrome lym phocytes, the m ajority  o f
which show symmatricdl q i> id rirad ia l c o n t iq o r a t io n s  between homologous 
chromosomes, 95% of ttie exchanges in FA are  asym m etrical ana occur  
between non-homologous chromosomes (German# 197 2 ). Such exchanges 
are p o t e n t ia l ly  more damaging than th ose th a t occur between 
homologues a t homologous s i t e s ,  s in c e  th ere  i s  p o te n t ia l  for  the  
d e le t io n  or d u p lic a tio n  o f g e n e t ic  m ateria l a t m it o s is  i f  
non-homologous exchange o ccu rs .
In a d d itio n  to  the above-m entioned common chrom atid and l e s s  frequent 
chromosome-type a b erra tio n s  found in cu ltu red  lymphocyte chromosomes, 
a tendency to  chromosome en d o red u p lica tio n s  seems to  e x i s t  in FA 
lym phocytes. Schroeder (19G4) and Bloom e t  a l . (1966) noted an
en d o reo u p lica tio n  frequency o t 10% and more, a s  compared w ith  the  
normal in c id en ce  in blood c u ltu r e s  wh.ch i s  1 en d ored up licu ted  c e l l  
per lOCO m ito se s , and r a r e ly  ex ceed s 5 per 1000 (Schmid, 1967).
• iowever, the presence of endoredupl ic a t  io n s  appears to  be an in c o n s is ­
te n t  f in d in g  and even in cu ltu re^  fiom the same p a t ie n t ,  g ro ss  
v a r ia t io n  e x i s t s  (ca se  1 o f  Bloom e t  a l . ,  1966). Dosik e t  a l . (1979) 
reported  a form o f in r ien ted  a p la s t ic  anaemia in 2 s i s t e r s  w ith  no 
ty p ic a l c o n g e n ita l anom alies o f FA and no u n sta b le  chromosome aberra- 
t - . n s ,  but a s ig n i f i c a n t ly  in creased  ntxnber o t endoredupl ic a t  io n s .
They proposed th a t tiiese  p a t ie n ts  may rep resen t a v a r ia n t form o f  FA.
1 .6 .1 .2 .3  D is t r i bu tion  o f spontaneous chromosomal
a b erra tio n s  in F a n co n i's  anaemia lym phocytes
The *vrcakpoinC8 in  FA chromosomes have tieen r e ^ r t e d  as  being  
non-randomly d is t r ib u te d .  Von Koskull and Aula (1973) noted a c le a r  
c lu s te r in g  o t breaks at s t e e l t i c  chromosomal l o c i ,  such a s  3q27 and 
13q32, and the d i s t a l  reg io n s o f the A-group chromosomes sliowed an 
e x c e s s  o f  breaks whereas the ren trom eiic  a rea s  had tar fewer breaks. 
The sex chromosomes sliov*xi a < ie l ic i t  o t b reak s. D u tn lla u x  e t  a l . 
(1977) reported  thiat 29% ol breaks were lo c .i l iz e d  tc p o s it io n s  o f  
s i s t e r  chrom atid exchanges (SCEs) in FA, thus in d ic a t in g  a p o s s ib le  
b u t, a s  y e t ,  unexplained c o r r e la t io n  between chromosomal breakage and 
s i s t e r  chrom atid exch an ges. However, th e  underly ing c a u sa tiv e  
mechanisms are thought to  tie d i f f e r e n t  (See s e c t io n  1 .6 .3 ) .
The non-randomness o t  breaks in  the c o n tr o l tjroup o f an experim ent i s
very  d i f f i c u l t  to  dem onstrate because o t the low nurnl)er o f  breaks in
normal c o n tr o l c u ltu r e s .  Cumulative s tu d ie s  on a la r g e  nuirtfier o f
normal in d iv id u a ls  and c e l l s  have shown th a t th e breaks in norma’
himan chromosomes are a ls o  non-randomly d is t r ib u t e d , w ith  d i s t in c t  
c lu s te r in g  a t  c e r ta in  lo c i  ( Aula and von K o sk u ll, 1976; Ayme e t a l . ,  
1976; vcn Koskull and A u la , 1977; M attel e t  a l . ,  1 9 7 9 ). M attel e t  
a l .  (1979) have fo r  exam ple, Demonstrated th a t in  normal lym phocytes, 
chromosomes 1 ,2 ,3  and 16 have 1 hot s p o ts '  for chrom atid b reak s, w h ile  
chromosomes 7 and 14 have ' l o t  s p o ts '  for  breaks r e s u lt in g  in  
rearrangem ents. S im ila r  non-random p a tte rn s  were found in  
lym phocytes from normal in d iv id u a ls  and from p a t ie n ts  who had m easles  
a t  the time o t in v e s t ig a t io n  (von K oskull and A ula, 1 9 7 7 ). These 
p a tte rn s  were how sver, d i f f e r e n t  to  th o se  found in  FA.
A number o f s tu d ie s  nave shown chromosomal b reak p oin ts in  both normal 
and FA p a t ie n ts  to  be lo c a l iz e d  alm ost e x c lu s iv e ly  in th e dark ly  
s ta in e d  areas o f  G-oanded chromosomes ("on K uskull and A ula, 1973 and 
1977; Aula and von K o sk u ll, 1976). H o w v er , D u tr illa u x  e t  a l .
(1 9 7 7 ), using th ree c o n se c u tiv e  banding te c h n iq u es , G-, Q- and
, concluded th at a lm ost a l l  tfie breaks seem to  take p la ce  in  
the n eg a tiv e  bands when R-banding i s  u sed , and in  the n eg a tiv e  bands 
when O -tanding i s  u sed . They th er e fo re  proposed th a t th e breaks in  
FA occur in Vie in terban d  reg io n s  between the R- and Q- bands.
M attel e t  a l . (1979) rvited th a t the b reak p o in ts  in th e ir  s tu d ie s  on 
normal human chrumuitxnes vere approxim ately  e q u a lly  d is tr ib u te d  in  
both dark and l ig h t  G -oands. They p o stu la te d  th a t 1 the t r a n s it io n  
zone from one type o f tai I to  another might lie th e weakest p o in t in  
the chrom atid , and th a t th e ob server  s u b j e c t iv e ly  in te r p r e ts  the  
lo c a l iz a t io n  on one or th e o th er  iwnd ty p es  according to  tlie  
technique u sed 1. T his h y p o th es is  would be in agreement w ith  the  
r e s u l t s  o f D u tr illa u x  e t  a l . (1 9 7 7 ).
D u tr illa u x  e t  a l . 1977 have su ggested  th a t the d is t r ib u t io n  o f  
b reakpoin ts in  cu ltu red  FA lym phocytes i s  probably;
i .  non-random in  r e la t io n  to  banding p a t te r n s , w ith a la rg e  
e x c e ss  o t  breaks being lo c a l iz e d  in  the in terb an d s;
i i .  non—random in r e la t io n  to  the le n g th  o f th e chromosomes,
w ith  an exceaa in the longer chromosome:j; (a s  would ue 
ex p ected ) and
i i i .  random in  r e la t io n  to  cen trom eric  and te lo m er ic  reg io n s  o f  
the chromosomes.
1 . 6 . 1 . 3  Spontaneous chromosomal a b e r ra tio n s  in  f ib r o b la s t  
c u ltu r e s  from F a n co n i's  anaemia homozygotes
C y togen etic  in v e s t ig a t io n s  on FA homozygous l ih r o b la s t s  have y ie ld e d  
varied  r e s u l t s .  Schroeder e t  a l . (1964) r ep ea ted ly  cr ied  to  c u ltu r e  
f ib r o b la s t s  from one o f th e ir  p a t ie n t s , but were unable to  ob ta in  
an a lyzab le  m etaphases -  the f r a g i l i t y  o f  the chromosomes was 
t e n t a t iv e ly  blamed. Beard e t  a l . (1973) cla im ed normal breakage 
ra t°3  in FA f ib r o b la s t  c u l t u r e s , w h ile  many o th er  in v e s t ig a to r s  have 
noted an in crea sed  number o f chromosomal a b e r ra tio n s  in  dermal 
f ib r o b la s t  c u ltu r e s  (Schmid e t  a l . ,  1965; S w ift and H irschhorn,
1966; Varela and S tern b erg , 1967; M cDougall, 1971; Wolman and 
S w if t , 1972; Auerbach and Wolman, 1976; M eisner e t  a l . ,  1978 and 
Auerbach e t  a l . ,  1980).
The gen era l im pression  ob ta in ed  from the numerous pu b lish ed  s tu d ie s  
i s  th a t a lth ou gh  the a b erra tio n  frequency in  f ib r o b la s t s  i s  u su a lly  
lower than th a t in lym phocytes, th ere  i s  a wide range o f v a r ia t io n  in  
the proportion  o f aberrant c e l l s  both iwtween and w ith in  p a t ie n t s ,  
( c f .  s im ila r  f in d in g s  in FA lym phocytes, s e e  s e c t io n  1 .6 .1 .2 )  FA 
f ib r o b la s t  chromosomal ab erration s c o n s is t  p r im a r ily  o f  chrom atid and 
isochrom atid  breaks and gap s, but exchange c o n fig u r a t io n s  may a ls o  be 
found.
1 .6 .1 .4  SpJiitaneous ohromo.xxnal a b e r ra tio n s  in bone marrow 
c e l l s  from Fancon i ' s  anaemia >K>mozyqotes
An obviou s drawback o f  in v itr o  s tu d ie s  i s  the d i f f i c u l t y  o f  
e x tr a p o la tio n  to  a m eaningful i n v iv o  com parison. D irec t bone marrow 
prep aration s should  th e r e fo r e  be examined ro determ ine i f  chromosome 
breakage i s  a ls o  an in v ivo c h a r a c t e r is t ic  o f  FA hom ozygotes.
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In a review  by Ray and German (1 9 8 1 ) , i t  was n o t3d th a t c y to g e n e t ic  
r e s u l t s  on o n ly  28 bone marrow specim ens have been p u b lish ed . 
C onsidering th a t more than 100 documented FA c a se s  have been 
ch rom o-an ally  a n a ly z e d , t h is  t ig u r e  i s  s u r p r is in g ly  low . T his may 
however, be due to  th e very nature o t  the d is e a s e  -  in the presen ce  
o f  marrow h y p o p la s ia , y ie ld s  o f  a n a lyzab le  m etaphases from marrow 
a s p ir a te s  may be very  sca n ty .
Ray and German (1981) summarized th e a v a ila b le  data on d ir e c t  
p rep a ra tio n s from FA marrows and noted th a t o f the 28 marrows 
chrom osxnaily in v e s t ig a te d , 8 had no breakage 13 had breakage in 1 
to  10% o f th e c e l l s ,  and 7 had breakage in more than 10% o f the  
c e l l s .  V arela and Sternberg (1987) noted chromosomal a b erra tio n s  
s im u lta n eo u sly  in b lo o d , sk in  and d ir e c t  bone marrow c u ltu r e s  from a 
pre-anaem ic FA p a t ie n t  who was y e t to  undergo therapy.
P olan i (1976) pooled the d ir e c t  ixxie marrow chromosome r e s u lt s  on 22 
FA p a t ie n ts  and found th a t app roxim ately  2.5% o f about 1000 m etphases 
d isp la y ed  chrom atid le s io n s  (ex c lu d in g  g a p s ) , and l e s s  than 3.0% 
showed chromosome-type a b e r r a t io n s . By com parison, O'Rioroan e t  a l . 
(1970) ob ta in ed  com parative r e s u l t s  on marrow a s p ir a te s  from 32 
1norm al1 m ales, none o f whom had h aem ato log ica l d iso r d e r s ;  th ey  
noted the presence o f  chrom atid a b erra tio n s  ( in c lu d in g  gaps) in  3.19% 
o f  metapttases -  2 ot th ese  'norm al' s u b je c ts  had e x c e p t io n a lly  high  
v a lu es  o t 10% and 241 r e s p e c t iv e ly .  Chromosome-tyjje changes were 
observed in 0.55% o t  m etaphasea. The la t t e r  stu d y  i s  not however, a 
tru e comparison because th ere  v*»re no sim ultaneous FA, BM s tu d ie s  
done by the same o b se rv e r s .
In c o n tr a s t  to  d ir e c t  marrow c u ltu r e s ,  FA marrows cu ltu red  for  48 
hours rev ea led  a la rg e  proportion  o f  chrom atid a b e r r a t io n s , in c lu d in g  
exchanges and some chromosome-type anom alies (V arela and S tern b erg , 
1967; Germain er a l . ,  196 8 ). 1 Long-term ' bone marrow c u ltu r e s  thus
appear to  'behave' s im ila r ly  to  p er ip h era l blood lymphocyte and 
f ib r o b la s t  c u l t u r e s , in  t h i s  r e s p e c t .
M orphological s tu d ie s  o t  the va r io u s s ta g e s  o t  d iv id in g  c e l l s  seen  in  
bone barrow snv-.prs a ls o  rep resen t a d ir e c t  view  o f  in  v ivo  e v e n ts .
R eports o f  anaphase b rid q es (Schroeder 196ba and 19G6b; Shahid e t  
a l . ,  1972) and m icron u cle i (Schroeder 1966a and 1966b, Gmyrek e c  a l . , 
196H) in marrow smears fa our the e x is t e n c e  o f in  v iv o  chromosomal 
i n s t a b i l i t y  in FA. The o b serv a tio n s  o f c lo n e s  o f  c e l l s  w ith  aberrant 
chromosomal complements in fr e sh ly  a sp ir a te d  FA marrow, a ls o  support 
the o th er  ev id en ce o f  in v iv o  chromosomal f r a q i l i t y  (Hirschiman e t  
a l . , 1969; Crossen e t  a l . ,  1972; lierqer e t  a l . ,  1977; Bourqeois 
and H il l  1977; M eisner e t  a l . ,  1978; Zaizov e t  a l . ,  1978).
Tc s ltr up, from the a v a ila b le  d a ta , i t  i s  apparent th a t chromosome 
breakaqe in d ir e c t  prep aration s from FA bone marrow o ccu rs  d i s t i n c t l y  
l e s s  fr e q u e n tly  than in th ose c e l l s  su b jec ted  to  in  v i t r o  c u ltu re  
c o n d it io n s . In the m ajority  o f  m ")w s t u d ie s ,  th e chromosomal 
a b erra tio n  ra te  in FA homozyqotes does not appear to  be higher tnan  
th a t fo in d  in normal s u b je c ts .  Hov*?ver, d e f in i t i v e  c o n c lu s io n s  a s  to  
the p o s s ib le  in v iv o  e x is te n c e  o f in creased  chromosomal in s t a b i l i t y  
in FA a re  as y e t not p o s s ib le ,  s in c e  so  much v a r ia b i l i t y  in 
chromosome breakage e x i s t s  between d if f e r e n t  FA marrows# and even in 
th ose  c a se s  where chromosomal i n s t a b i l i t y  i s  in c r e a se d , th e observed  
breakaqe r a te  may be low.
S w ift and Hirschhorn (1966) poin ted  out th a t th e p a r t ic u la r ly  high  
a b erra tio n  r a te s  seen in p er ip h era l b lood lym phocytes are probably  
p r im a r ily  the r e s u lt  o f the m itoqen ic  a c t i v i t y  c f  phytohaemaqq1u tin in  
(PHA). (See s e c t io n  2 .1 .5 .3 )  The m itoq en ic  a c t i v i t y  o f  PHA on 
s lo w ly  d iv id in g  lymphocytes a r t i f i c i a l l y  fo r c e s  the sim ultaneous  
d is p la y  o f  a b erra tio n s  which have g ra d u a lly  a ccu n u la ted , s in c e  th ose  
c e l l s  th a t were transform ed by PHA may very  w e ll have never d iv id ed  
in v iv o . Thus, th e observed d if fe r e n c e s  between a b erra tio n  
fr e q u en c ie s  in FA bone marrow and lymphocyte p rep a ra tio n s may r e f l e c t  
not o n ly  the d if fe r e n c e  in in to r m ito t ic  in te r v a ls  between th ese  two 
t i s s u e s ,  but a ls o  the fa c t  th a t tlie cu ltu red  lym phocytes are  
a r t i f i c a l l y  forced  in to  m ito s is  ( I b id ) .
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1 .6 .1 .5  Spontaneous chromosomal a b e r ra t io n s  in
lym phoblastoid  c e l l - l i n e s  from F an con i's  anaemia
Cohen e t  a l . (1982b) in v e s t ig a te d  3 d if f e r e n t  FA long-term  lymphoid 
c e l l - l i n e s  (LCLs). A ll 3 FA LCLs had s ig n i f i c a n t ly  in creased  
spontaneous a b erra tio n  r a te s  compared to  the a b erra tio n  r a te s  found 
in  norm al, XP and AT l i n e s .  C onsiderab le  v a r ia t io n  was ev id en t  
between th e 3 FA LCLs v i z .  0 .3 0 , 0.52. and 1 .50  b r e a k s /c e l l .
1 .6 .1 .6  Spontaneous chromosomal a b e r ra t io n s  in am n iotic  
f lu id  c e l l s  from F a n co n i's  anaem_a homozygotes
Amniotic f lu id  c u ltu r e s  from 3 'a t - r i s k '  fo e tu se s  e x h ib ite d  in creased  
spontaneous a b erra tio n  r a te s  compared to  am n iotic  f lu id  c u ltu r e s  from 
normal c o n tr o l fo e tu se s  ( Auerbach e t  a l . ,  19 8 1 ). The one pregnancy 
was ca rr ie d  to  term and chromosome breakage c h a r a c t e r is t ic  o f  FA was 
found in p er ip h era l b lood c u ltu r e s  from the in f a n t . The o th er  2 
fo e tu se s  were aborted and FA lom ozygosity was confirm ed on the b a s is  
o f  anatom ical fe a tu r e s  p lu s  in creased  p er ip h era l blood lymphocyte or  
f ib r o b la s t  chromosomal breakage r a t e s .  A high endogenous breakage 
r a te  was a ls o  rep orted  by Voss e t  a l . (1981) in  a fo e tu s  la te r  
dem onstrated to  be homozygous for  FA. Further s tu d ie s  on FA am n iotic  
f lu id  c e l l s  have s in c e  been rep orted  and th e ir  s ig n if ic a n c e  for  th e  
p ren ata l d ia g n o s is  o f a f f e c te d  ho,nozygotes i s  d isc u sse d  in  s e c t io n
4.5,
1 .6 .1 .7  Spontaneous chromosomal a b e r ra tio n s  in p er ip h era l 
blood lymphocyte c u ltu r e s  from F an con i's  anaemia 
h etero zy g o tes
A number o f c y to g e n e t ic  in v e s t ig a t io n s  on h ea lth y  r e la t iv e s  o f  FA 
in d iv id u a ls  have rev ea led  e s s e n t ia l l y  normal spontaneous chromosome 
breakage r a te s  (Schroeder e t  a l . ,  1964; Schmid e t  a l . ,  1965;
He itn a g el e t  a l . ,  1969; Dosik e t  a l . ,  1970; Becrd e t  a l . ,  1973; 
Cohen e t  a l . ,  1982a). Both Guanti e t  a l . (1971) and De Grouchy e t
a l .  (1972) found that, th e break,*je r a te s  in FA h e tero zy y o te s  were 
in term ed ia te  tie tween th ose  o f a f f e c te d  c h ild re n  and normal c o n tr o ls .  
Only Meme e t  a l . (1 9 8 0 ), otiserved s ig n i f i c a n t ly  in crea sed  endogenous 
chromosomal ab erra tion  r a t e s ,  in a s e t  o f  u n rela ted  o b lig a to r y  
heterozygou s p a r e n ts . Bloom e t  a l . (1966) found a normal chromosome 
breakage r a te  in  p aren ts o f FA p a t ie n t s ,  but observed a num erical 
chromosomal anomaly in  one o f th e se  mothers ( v iz .  a 4 7 ,XXX c e l l - l i n e )  
and Dosik e t  a l .  (1970) found a few tn s o m ic  c e l l s  in th e cu ltu red  
lym phocytes o f  both p arents o f  a FA p a t ie n t .  Thus, the o v e r a ll  view  
i s  th a t h e tero zy g o tes  cannot be r e l ia b ly  d e te c ted  by spontaneous  
chromosome breakage r a t e s .
1 .6 .1 .8  Chromosomal a b e r ra tio n s  and ttie s ta g e  and s e v e r ity  
o f the d is e a se
Varela and Sternberg (1967) were probably the f i r s t  to  d e scr ib e  the  
presence o f  ty p ic a l  FA a b erra tio n s  to g e th er  w ith  c o n g e n ita l  
m alform ations in a pre-anaem ic in f a n t .  A s im ila r  c a se  was d escr ib ed  
by Perkins e t  a l . (1 9 6 9 ). Schroeder and Kurth (1971) observed  
chromosome breakage in a pre-anaem ic c h i ld  both in  v iv o  and in v i t r o . 
Schroeder e t  a l . (1479) in v e s t ig a te d  the a d u lt s i s t e r  o f  a ' c l a s s i c '  
FA p a t ie n t . T his s ib l in g  had se v e r a l m alform ations c h a r a c t e r is t ic  o f  
FA, but showed no haem ato log ica l d iso rd er  or s ig n s  o f  bone marrow 
in s u f f ic ie n c y ,  but ty p ic a l  FA chromosomal a b e r ra tio n s  were p r e se n t .  
The au th ors co n seq u en tly  su g g ested  th a t , in a d d itio n  to  e a r ly  and 
la t e  o n se t  forms o f FA (s e e  s e c t io n  1 .4 .2 ) ,  U iere may a ls o  be a 
1 forme f r u s t e ' w ith m ild m alform ations and no hone marrow a p la s ia  in  
both a d u lts  and c h ild r e n . These p a t ie n ts  may co n ce iv a b ly  escape  
c l i n i c a l  d e t e c t io n .
Although Meme e t  a l . (1960) p o stu la te d  th a t chromosome breakage in  FA 
may be p r o g r e s s iv e , a con tin u ou s but v a r ia b le  presence o f  breakage 
w ith l i t t l e  or no in c r ea se  w ith  tim e, i s  u su a lly  the s i t u a t io n  in  FA 
(Bloom e t  a l . ,  19 6 6 ). I t  has th e r e fo r e  been concluded th a t no 
gen era l c o r r e la t io n  e x i s t s  between c l i n i c a l  s e v e r it y ,  r a d ia tio n  
ex p o su re , drug therapy and the frequency o f a b erra tio n s  in  FA ( I b id ) .  
This c o n tr a s ts  w ith  s tu d ie s  on one Bloom 's syndrome p a t ie n t  which
in d ica ted  th a t th ere  may be an in v i t r o  in crea se  in  th e  frequency o f  
breakage during th e  course o f the d is e a s e  (no abnormal c e l l s  were 
co n cu rren tly  found in bone marrow) (Schoen and Shearn, 1 9 6 7 ). 
Schroeder and Kurth (1971) tiave th e r e fo r e  sp ecu la ted  th a t chromosome 
breakage in tiS i s  an a c c e le r a t in g  p ro cess  which may be in i t ia t e d  by 
ex te rn a l f a c to r s .
1 .6 .2  The enhancement of chromosomal a b erra tio n s  in F an con i's  
anaemia by c la s to g e m c  s t r e s s
S in ce  FA p resen ts  w ith  broad phenotypic h e te r o g e n e ity , the c l i n i c a l  
d ia g n o s is  i s  o fte n  d i f f i c u l t ; th er e fo re  spontaneous chromosome 
breakage has been su g g ested  a s  a d ia g n o s t ic  lab o ra to ry  t e s t  
(Schroeder e t  a l . ,  1964; S w ift and H irschhorn, 196 Bloom e t  a l . ,  
1 9 6 6 ). However, a t  le a s t  16 p a t ie n ts  have been reported  in  the  
l i t e r a t u r e  in whom th e haem atologic and phenotypic c o n s t itu t io n  
su g g ested  FA, out th e degree o f chromosome breakage was u n con vin cin g . 
(See s e c t io n  1 .6 .1 .2 .1 )  M ciaover, when chromosomal a b erra tio n s  are  
p r e se n t , in tr a p a t ie n t  and in te r p a t ie n t  v a r ia b i l i t y  i s  ap p aren t. (See  
s e c t io n  1 .6 .1 .2 .1 )  C onsequently, th e  presence o f endogenous or  
spontaneous chromosomal breakage cannot be used as an a b so lu te  
d ia g n o s t ic  c r i t e r ic n  in  FA.
Some o f th e c la s to g e m c  a g en ts  employed to  s t r e s s  FA c e l l s  w i l l  now 
be d is c u s se d .
1 .6 .2 .1  A lk y la tin g  agen ts
1 .6 .2 .1 .1  T etram ethanesu lphonil-d -m annit
The f i r s t  a k ly la t in g  agent ( i . e .  a su bstan ce which b inds to  ENA by 
c r o s s - l in k in g  IDA h e l ic e s )  shown to  have an in creased  c la s to g e n ic  
e f f e c t  in FA chromosomes compared to  normal chromosomes, was 
tetram ethanesu lphon 1 1-d-mann1 1 (S ch u ler  e t  a l . ,  1 9 6 9 ). (No fu rth er  
r e fe r e n c e s  to  t h i s  c la s to g e n  w ith r e sp e c t to  FA, are made in  the
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l i t e r a t u r e . )
1 .6 .2 .1 .2  1 ,2 :3 ,4  -  Pippoxytiurane (b u tad ien e diepoxxde;
ul-:b )
Diepoxyhutune (DEB) i s  a d f u n c t io n a l  a lk y la t in q  aqent ( i . e .  both  
in t e r -  and in tra stra n d  [WA c ro ss-1 in k in q  can o c c u r ) and req u ires  no 
m eta o o lic  a c t iv a t io n  in v i t r o  (S inqer and Kusmierek, 1982). I he GA 
r e q is t r y  numder o f DEB i s  1464535 and i t  lias th e fo llow in q  chetnical 
s t r u c tu r e : ( r ish h e in  e t  a 1. ,  1970)
H?C ------  CH -----  CH ——  CHp
\  /  \  /  o o
The c y c l i c  a lk y la t in q  aqents ( a l l  have a s im ila r  s tr u c tu r e  to  DEB) 
com prise a numner o f un rela ted  mutaqens (e q . e p o x id e s , la c to n e s ,
S-m ustards, N -m ustards, q 1 ycera ld eh yd e) and owe th e ir  a lk y la tin q  
a c t i v i t y  to  a r e a c t iv e  u n stab le  rinq s tr u c tu r e  (S inqer and Kusmierek,
198 2 ). The ep o x id es , in clu d in q  DEB, r ea c t w ith  DMA and RNA a t  tlie  
N-7 p o s it io n  o f  quanosine and the N—1 and N-3 p o s it io n s  o f  ad en osin e , 
so forminq hyoroxyethyl or hydroxyi'ropyl d e r iv a t iv e s  ( Lawley and 
Jarman, 1972). D ifu n ctio n a l a lk y la t in q  aqents have 2 r e a c t iv e  s i t e s  
which form ' b r id q e s ' i . e .  c r o ss  inks between complementary DNA 
s tr a n d s .
Experim ental ly ,  DEB i s  an a c t iv e  radiomimet ic  su bstan ce p.-oducinq 
sk in  c a n c er s , and sarcoma i ano d ep ression  of the haem opoietic system  
(s e e  review  in  F ishb ein  e t  a l . ,  1970). Furtherm ore, i t s  mut iq e n ic ity  
has been [jroven in a number of orqanism s ( I b id ) .  For exam ple, the  
chem ical was show) to  be mutaqenic in Neurospora and D rosophila  
(Kolmark and Weatnrqaard, 1953; Bird and Fahmy, 1953) and 
ca rc in o q en ic  in m ce ind r a ts  ( van Duuren, 1969). I t  i s  clasr.oqenic  
in ra t f ib r o b la s t s  trea ted  in  v i t r o  ( Wolman and S ivak , 1975) and i s  a 
p oten t inducer o f  s i s t e r  chromatid exchanqes in Chinese hamster 
f ib r o b la s t s  (Perry and Evans, 1975). S in ce  DEB i s  not the on ly
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a lk y ln tm q  agent rea c tin g  w ith IMA a t  the N-7 p o s it io n  o f q u an osin e , 
one cannot s p e c i f i c a l l y  equate t h is  N-7 r e a c t io n  wi :h c a r c in o g e n e s is  
and/or m u tagen esis .
1 .6 .2 .1 .2 .1  F an con i's  anaemia t in r o b la s t s  p lu s DEB
Aueroach and Wolman (1976) were Um- f i r s t  to  rep o rt a s t a t i s t i c a l l y  
s ig n i f i c a n t  in crea se  in s e n s i t i v i t y  o f  FA f in r o P la s t s  to  chromosome 
damage induced ny DEB. DEB-induced [0 .0 1  /xg/m i] c la s to g e n ic  s t r e s s  
in crea sed  the a o erra tio n  r a te s  of the tr e a ted  F'A c e l l  s t r a in s  3- to  
5 -fo ld  compared to  the spontaneous nreakaqe r a t e s .  Q u a lita t iv e ly ,  
the nreakage caused by DEB was s im ila r  to  th a t occu rring  
sp on tan eou sly  . FA c e l l s :  both b efore and a f t e r  DEB treatm ent,
chrom atid breaks were f a ir ly  homogeneously d is t r ib u te d , a f f e c t in g  the  
m a io n ty  o f c e l l s .  In sharp c o n tr a s t  to  i t s  e f f e c t  on cu ltu red  FA 
f ib r o b la s t s ,  com parative f ib r o b la s t  c u ltu r e s  tr e a ted  with s im ila r  
n o n -to x ic  c o n c en tr a tio n s  o f DEB, from xeroderma pigmentosum and 
trisom y 18 p a t ie n ts  ano normal in d iv id u a ls ,  d id  not show any 
in creased  breakage. N either the growth nor v i a b i l i t y  o f  c e i l s  were 
reduced a f t e r  the a d d itio n  o f n o n -to x ic  c o n c en tr a tio n s  o f the  
chem ical to  the la t t e r  c u ltu r e s . Auerbach and Wolman (1 9 /6 )  
t lie r e fo re  concluded th at c e l l  s e le c t io n  during ch ron ic  exposure to  
DEB (6 days) was probably minimal and fu rth erm ore, the c la s to g e n ic  
e f f e c t s  o f tfie chemic i l  can be separated  from i t s  to x ic  e f f e c t s .
In 1978, Auerbach and Wolman again  reported  on the u se fu ln ess  o f DEB 
as a d ia g n o s t ic  t o o l , but t h i s  tim e DEB was a p p lied  to 1 rA 
heterozygou s f ib r o b la s t  c u ltu r e s . DEB-exposure r e s u 1 ted in a h ig h ly  
s ig n i f i c a n t ,  approxim ately  h -fo ld  in crea se  in breakage in the 1A 
h eterozygou s c e l l s ,  whereas no in crea se  was noted in normal c e l l s ,  
eventliough the 1 normal c e l l - l i n e  hid a h igher in s tr in a ic  
(spontaneous) breakage ra te  than the FA h eterozygou s c e l l - i m e s .  As 
in the homozygous f ib r o b la s t  c u ltu r e s , drug treatm ent r e su lte d  in a 
poisoon d is tr ib u t io n  o f b rea k s, i . e .  breakage was not con cen trated  in  
o n ly  a tew c e l l s ,  y u a l i t iv e iy ,  the DEB-induced a b erra tio n s  were 
s im ila r  to  th ose  found in FA hom ozygotes. FA heterozygou s  
f ib r o b la s t s  are not norm ally prone to  endogenous chromotomal
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breakage, but do show in creased  induced breakage p ro p o rtio n a l to  th a t  
observed in  FA hom ozygotes. I t  was th er e fo re  concluded th a t  
s u s c e p t ib i l i t y  to  the enhancement o f breakage was not r e la te d  to  the  
in c id en ce  o f spontaneous breakage in the c e l l  s t r a in s  being te s te d  
( I b id ) .  Auerbach and Wolman (1970) h yp oth esized  th a t FA 
h etero zy g o tes  may have a educed c a p a c ity  to  rep a ir  ONA, but th a t  
t h is  i s  not appa ant ex cep t under the s t r e s s  o f  in creased  damage 
caused by ch ron ic  exposure to  a chem ical such as  an a lk y la t in g  a g e n t.
A com parative stu d y  o f s u s c e p t i b i l i t y  to  th e c la s to g e n ic  e f f e c t  o f  
DEB rev ea led  th a t as in FA# ch ron ic  exposure o f a ta x ia  t e la n g ie c t a s ia  
(AT) f ib r o b la s t s  to  a low co n cen tra tio n  o f  DEB induced e x te n s iv e  
damage (approxim ately  a 2 - fo ld  in c r ea se ) w ititout red u ction  in  c e l l  
v i a b i l i t y  ( Auerbach and Wolman, 1979). FA chromosomes are however, 
more s e n s i t iv e  to  DEB than AT chromoso nes. F ib r o b la s ts  from normal 
s u b j e c t s , B loom 's syndrome and xeroderma pigmentosum p atien tr  lid  nut 
d isp la y  s u s c e p t i b i l i t y  to  the same co n cen tra tio n  o f DEB ( I t » _ ) . The 
exposure o f nonral f ib r o b la s t s  to  a higher dose o f the same chem ical 
r e su lte d  in  s ig n i f i c a n t ly  d ecreased  v i a b i l i t y  w ith  l i t t l e  in crea se  in  
chromosomal a b e r r a t io n s . The d if f e r e n t  ' chromosome breakage 
syndrom es1 th er e fo re  appear to  be ch a r a c ter iz ed  by g e n e t ic  
d if fe r e n c e s  in s u s c e p t i b i l i t y  to  carc in ogen -in d u ced  chromosome 
damage.
1 .6 .2 .1 .2 .2  Fa n c o n i's  anaemia lym phocytes p lu s DEB
Due to  th e s ig n i f i c a n t  enhancement o f  breakage observed in  
DEB-treated FA f ib r o b la s t s , the technique was su b seq u en tly  a p p lied  to  
p er ip h era l blood lym phocyte c u l t u - e s .
i )  FA homozygote d e te c t io n
PHA-stimulated lym phocytes from each o f the 5 FA p a t ie n ts  
in v e s t ig a te d  by Auerbach er a l . ,  (1981) d isp la y ed  both e le v a te d  
spontaneous and DEB-induced chromosome breakage. However, compared 
w ith th e ir  in h erent ab erra tio n  r a t e s ,  FA lym phocytes showed an 
approxim ately  5 - fo ld  and 3 5 - fo ld  mean in c r ea se  in  breakage when
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Created w ith  DEB a t  c o n c en tr a tio n s  o t  0 .01  /xg/ml and 0 .1  ^g/m l 
r e s p e c t iv e ly ,  but a wide range o f induced breakage r a te s  was found. 
C h a r a c te r is t ic  complex chrom atid rearrangem ents were observed a f t e r  
exposure to  0 .01  /tg/m i DEB; such c o n fig u r a t io n s  were p resen t in  a t  
l e a s t  75% o f  the m etaphases from 4 of 5 p a t ie n t s ,  and alm ost a l l  the  
c e l l s  had some type o t chromosomal a b e r r a t io n . The f i f t h  p a t ie n t  
e x h ib ite d  s im ila r  chromosomal a b n o rm a litie s  to  th o se  seen  in  the  
oth er  p a t ie n t s ,  but on ly  20% o t c e l l s  were a f f e c t e d ,  in d ic a tin g  th a t  
an in s t r in s ic  lymphocyte dimorphism ( i . e .  2 c e l l  p o p u la tio n s , one o f  
which i s  co m p le te ly  unresponsive to  DEB) may have been p resen t in  
t h i s  p a t ie n t .  S im ila r ly  d i f f e r e n t  p o p u la tio n s o f  u n stressed  Bloom 's 
f yndrcme lym phocytes showing both normal and abnorm ally high l e v e l s  
o f  s i s t e r  chrom atid exchanges tiave been rep orted  (German e t  a l . ,  
1977a).
Cohen e t  a l . (1982a) rep orted  a mean group a b erra tio n  r a te  for  
lymphocyte c u ltu r e s  from 5 FA p a t ie n ts  th a t d if fe r e d  
s ig n i f i c a n t ly  from both th e c o n tr o l and heterozygou s groups; 
c o n c en tr a tio n s  o f DEB ranging from 0 .0 1  ^tg/ml to  1 .00  /ig/m l were 
used . Contrary to  e x p e c ta t io n s , 2 ot the 5 FA p a t ie n ts  d id  not 
e x h ib it  DEB s e n s i t i v i t y  c h a r a c t e r is t ic  o f FA to n o zy g o tes  -  th e ir  
induced breakage v a lu es  were w ith in  th e  ranges o f  the normal and FA 
heterozygou s groupxs. Furtherm ore, 3 o k tlie 4 1 non-FA' in d iv id u a ls  
ex h ib ite d  DEB-induced breakage r a te s  e q u iv a len t to  th a t exp ected  for  
FA homo z y g o te s . FA p a t ie n ts  d id  liowever, show a tendency towards 
high er numbers o f s tr u c tu r a l rearrangem ents, when compared w ith  
c o n tr o ls  and h e te r o zy g o te s , but a degree o t o v er la p  was p resen t  
( I b id ) .
i i ) FA h etero zy g o te  d e te c t io n
Although Auerbach et^ a l . (1981) d id  not fin d  an in c r ea se  in  
spontaneous chromosome breakage in lym phocytes o f  FA fa m ily  members 
compared w ith  normal co n tro l s u b je c t s ,  a h ig h ly  s ig n i f i c a n t  
d if fe r e n c e  in  the mean chromosome breakage r a te s  o f  DEB-treated  
lym phocytes between th ese  2 groups was see n . C ertain  o f  the  
h e tero zy g o te s  and normal in d iv id u a ls  however, showed s im ila r  
DEB-induced chromosome breakage, th us l im it in g  the u se fu ln e s s  o f  t h i s
techn iq u e in  the c y to g e n e t ic  d e te c t io n  o f in d iv id u a l pu tat) i  
h etero zy r io tes .
Cohen et. a l . (1982a) rep orted  th a t no d isc r im in a tio n  was p o s s ib le  
between h e tero zy g o te s  and normal c o n tr o ls  su b jec ted  to  DEB s t r e s s ;  
the mean frequency of DEB-induced rearranqm ents was not s ig n i f i c a n t ly  
d if f e r e n t  between FA c a r r ie r s  and c o n t r o ls .  Cervenka and H irsch  
(1983) a ls o  concluded th a t h etero zy g o te  d e te c t io n  by DEB s t r e s s  o f  
cu ltu red  lym phocytes y ie ld e d  eq u iv o ca l r e s u l t s .  These f in d in g s  have 
been su b s ta n tia te d  by Duckw octh-R ysiecki e t  a l . (1984) who a ls o  noted  
th a t i t  i s  not p o s s ib le  to  dem onstrate c o n s is t e n t ly  r a ise d  1 / e l s  o f  
induced chromosome breakage in o b lig a te  FA c a r r ie r s .
Contrary to  a l l  o f  th e above-m entioned f in d in g s , Marx e t  a l . (1983) 
recorded c le a r -c u t  d if fe r e n c e s  netween th ou  FA h e te r o r -g o te  and 
normal c o n tr o l DEB-induced chromosome breakage ra n g es. The mean 
breakage r a te s  were found to  d i f f e r  s ig n i f i c a n t ly .
DEB may however, be u se fu l in d is t in g u is h in g  between d y sk e r a to s is  
con gen ita  ana FA (s e e  s e c t io n  1 .4 .4 ) .  In c o n tr a s t  to  FA lym phocytes, 
the DEB-induced breakage r a te  in d y sk e r a to s is  co n gen ita  lym phocytes 
i s  e q u iv a len t to  th a t found in normal c o n t r o ls .  (Auerbach e t  a l . ,  
1979b).
1 .8 .2 .1 .2 .3  F an con i's  anaemia lym pliohlastoid  c e l l - l i n e s
p lu s  DEB
At varying c o n c en tr a tio n s  o f DEB, FA long-term  lym phoblastoid  
c e l l - l i n e s  (LCLs) e x h ib ite d  g r ea ter  chromosomal h y p e r s e n s it iv ity  tuan
did  normal, AT and XP LCDs (Conen e t  d  . ,  1982b; Cohen e t  a l . ,
19 8 3 ). For each in d iv id u a l FA l i n e ,  a d o se-resp o n se  r e la t io n s h ip  we. 
ob viou s; g r ea ter  damage occurred w ith  in crea s in g  d o s e s . A gain, FA 
h etero zy g o tes  cou ld  not he r e l ia o ly  d e te c te d  w ith DEB (Cohen e t  a l . ,  
1982b).
47
1 .6 .2 .1 .  2 .4  P a n co n i's  anaemic tim niotic f lu id  c e l l s  
p lu s DEB
FA homozygous and heterozygou s am n iotic  f lu id  c e l l s  have a ls o  been 
shown to  be j ^ n s i t iv e  to  the c la s to g e n ic  e f f e c t  o f  DEB (Auertoach et  ^
a l . /  1979a; nuerbach e t  a l . ,  1981; Voss e t  a l . ,  1981; Marx e t  a l . ,  
1 9 8 2 ). S in ce the d if fe r e n c e  between FA hemozygote and FA 
hete r o zy g o te  c e l l s  was c l e a r - c u t , t h i s  technique p rov id es an 
im portant d ia g n o s t ic  to o l for  p ren ata l d ia g n o s is .  Cultured am n iotic  
c e l l s  from normal fo e tu se s  d id  not e x h ib it  in creased  chromosomal 
a b erra tio n s  in response to  DEB ( I b id ) .
In summary, the enhanced in v i t r o  response o f c e l l s  to  the  
c la s to g e n ic  e f f e c t s  o f DEB p rov id es a p o t e n t ia l ly  u se fu l d ia g n o s t ic  
t e s t  for  the p ren ata l and p o stn a ta l d e te c t io n  o f  the FA g en e . 
U n fortu n ate ly , t h is  t e s t  does not ap>pear to  be r e l ia b le  for the  
id e n t i f ic a t io n  o f in d iv id ia l  FA h e tero zy g o te s  and some FA 
hom ozygotes.
1 .6 .2 .1 .3  Mitomycin C (MMC)
Mitomycin C (MIC) w  an a n t ib io t i c  which was f i r s t  i s o la t e d  in 1956 
from the broth o f Steptom yces c a e s p ito su s  (se e  review  in  F ish b ein  e t  
a l . , 197(1). I t  i s  d is t in g u is h e d  from oth er  mitomycin fr a c t io n s  by 
i t s  thermal s t a b i l i t y ,  high m eltin g  p o in t , u l t r a v io le t  ab sorp tion  
peak and s o lu b i l i t y  in organ ic  s o lv e n t s .  MM : was used p r im a rily  a s  
an a n t in e o p la s t ic  agent in the treatm ent of Hodgkins d is e a se  ( I b id ) .
MMC i s  b io lo g ic a l ly  in a c t iv e  in i t s  n atura l s t a t e ,  ut upon chem ical 
or enzymic r e d u c tio n , i t  becomes a mono- and/or b ifu n c t io n a l  
a lk y la t in g  agent (Ib id ; Evans, 1 9 7 7 ). B a s ic a lly , MMC i s  
m e ta b o lic a lly  reduced in th e c e l l  to  hydroquinone d e r iv a t iv e s  by a 
quinone red u ctase  (d iap h orase) and th ese  components are then a b le  to  
a lk y la te  and e x te n s iv e ly  c r o s s - l in k  DMA (R eich e t  a l . ,  1961; Iyer and 
S z y b a ls k i, 1 9 6 3 ). A rep ort by Kodama (1967) su g g e s ts  th a t MMC may in  
a d d itio n  have in te r c a la t in g  c a p a b i l i t i e s .
The CA r e g is t r y  numher of KMC i s  50077 and i t  has th e fo llo w in g  
ctieim cdl s tr u c tu r e  :
o
CH? - O - C  -  NH
OCH
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MMC was f i r s t  shown to  ne e s p e c ia l ly  d e le te r io u s  to  FA lym phocytes by 
Sasaki and tonomura in 1973 and to  FA f ib r o n la s t s  by Finkelberq e t  
a l . in  1974. Sasaki ana Tonomura (1973) noted th a t M M C -sensitivity  
v a r ied  Detween d if f e r e n t  FA homozyqote lymphocyte c u ltu r e s :  MMC a t  a
c o n cen tra tio n  o f 0 .0 1  /iq/ml r e su lted  in 33 - to  1 0 0 -fo ld  in c r e a se s  in  
chromosomal breakage compared to  s im ila r ly  s tr e s s e d  normal co n tro l  
c e l l s .  The f in d in g s  o f F inkelberq e t  a l . (1974) in MMC s tr e s se d  FA 
f ib r o b la s t s  have been confirm ed by L att e t  a l . (1975) who noted th a t  
dermal f ib r o b la s t s  from 2 d if fe r e n t  FA p a t ie n t s  reacted  to  MMC w ith  
an in crea se  in chrom atid breaks.
A stu d y  by Cervenka e t  a l . ( 1981) rev ea led  a 5 0 -fo ld  in crea se  in MMC 
[80  ng/ml j -  induced m u ltira d ia l f ig u r e s  in 9 2 - to  96-hour FA homo­
zyqote lymphocyte c u ltu r e s ,  when compared to  the average MMC--induced 
breakage r a te s  in c e l l s  from p a t ie n ts  w ith  a p la s t ic  anaemia or c e l l s  
o f  h ea lth y  c o n tr o l s u b je c ts . The high in c id en ce  o f  asym m etrical 
exchange f ig u r e s  in the FA c u ltu r e s  probably accounted for the  
d im in ished  m ito t ic  y ie ld  obtained  a t  a l l  MMC c o n c en tr a tio n s  s tu d ie d . 
Of importance to  the present stud y , th e au th ors noted v a r ia b i l i t y  in 
in d iv id u a l s e n s i t i v i t y :  FA p a t ie n ts  w ith  r e la t iv e l y  low spontaneous
breakage r a te s  responded to  MMC w ith lower s e n s i t i v i t y  than did  
p a t ie n ts  w ith  high spontaneous ab erra tion  r a t e s .  T h is was not 
ob viou s in the frequency o f  ra d ia l exchange f ig u r e s .  Cohen e t  a l . 
(1982a) have confirm ed the above o b se r v a tio n s . Higher DHB responders 
were a ls o  found to  be very s e n s i t iv e  to  MMC and v ic e  versa  ( I b id ) .
In a subsequent stu d y  by Cervenka and H irsch (1 9 8 3 ), the authors  
observed a mean 6 0 - fo ld  in crea se  in  chromosomal breakage in  FA 
p a t ie n ts  compared to  p a t ie n ts  w ith  a p la s t ic  anaem ia, r e g a r d le s s  o f  
c l i n i c a l  s e v e r it y .
Schroeder and Stahl-M auge (1979) po in ted  out th a t even low MMC 
c o n cen tra tio n s  ( e g . 0 . 16^ig/ml) induce s t a t i s t i c a l l y  s ig n i f ic a n t  
in c r e a se s  in a b erra tio n s  in normal c o n tr o l c e l l s  a s  w e ll a s  in FA 
c e l l s .  Comparative diagram s o f  FA and normal c e l l s  showing 
d o se -r e la te d  in c r e a se s  in  the percentage o f a b e r r a t io n s , dem onstrate  
th a t  th e s lo p e s  o f  the ascend ing l in e s  run p a r a l le l  to  each o th er  and 
th a t the a n g le s  are very  s im ila r .  Thus, th e co n c lu s io n  o f  a 
g e n e r a lly  higher s u s c e p t i b i l i t y  o f  FA c e l l s  to  VriC i s  perhaps 
q u e s tio n a b le .
In s p i t e  o f  th e a fo r e sa id  r e s e r v a t io n s , th e M IC -stress t e s t  i s  
c le a r ly  u se fu l in  d is t in g u is h in g  most FA homozygotes from FA 
h etero zy g o tes  a s  w ell a s  normal in d iv id u a ls  and o th er  c a se s  o f  
a p la s t ic  anaem ia, a l l  o f whom show com p aratively  low r a te s  o f  
r*C-induced a b e r r a t io n s .
1 .6 .2 .1 .4  N itrogen  mustard
N itrogen m ustard, a d ifu n c t io n a l a lk y la t in g  agent l ik e  DEB and MIC, 
a ls o  s e l e c t i v e l y  enhances chromosomal breakage in  PHA-stimulated FA 
homozygous lym phocytes (S asak i and Tbnomura, 1 9 7 3 ). At a 
co n cen tra tio n  o f  O.Ol^g n itro g en  m ustard/m l, about 0 .2  chromatid  
a b erra tio n s  per c e l l  were produced in normal c o n tr o l c e l l s , w h ile  an 
e x te n s iv e  number o f a b e r r a t io n s , m ostly  o f  the chrom atid ty p e , vas  
induced in th e FA c e l l s .  These f in d in g s  were confirm ed by Berger e t  
a l . (198 0 a ), who fou .d  th a t low d o ses  o f  n itro g en  mustard had a 
s ig n i f i c a n t  c la s to g e n ic  e f f e c t  on FA c e l l s ,  whereas much higher d oses  
were required  to  in crea se  the a b erra tio n  r a te  in  normal co n tro l 
c u ltu r e s .  FA h e tero zy g o te s  cou ld  not he d is t in g u ish e d  from normals 
a s  both groups responded s im ila r ly  to  n itro g en  mustard ( I b id ) .
1 . 6 , 2 . 1 . 5  Cyclophosphamide
Cyclophosphamide i s  a ls o  an a lk y la t in g  agen t which has c y to to x ic  and 
immunodepressive a c t i v i t y  ( Berger e t  a l . ,  1980b). In the parent 
form, cyclophospham ide is  in a c t iv e  and r eq u ir e s  m etab o lic  
tran sform ation  to  become b io lo g ic a l ly  a c t iv e  ( I b id ) .
Berger e t  a l .  (1980b) noted a high s u s c e p t i b i l i t y  o f  chromosomes from 
PH A-stim ulatea FA lymphocyte c u ltu r e s  to  low c o n c en tr a tio n s  o f serum 
from a cyclophaspham ide-treated  p a t ie n t .  Chromosome breakage was not 
s iq n i t i c a n t ly  in creased  in cu ltu red  lym phocytes from FA h eterozyq otes  
and normal c o n tr o ls  su b jected  to  comparable co n c en tr a tio n s  o f  
eyclop h osp h am iae-treated  s e r a . The parent form o f  cyclophospham ide 
had no e f f e c t  on the chromosomes o f FA homo z y g o te s , FA he te r o  zygotes  
and normal c o n tr o ls  ( I b id ) .
The high s e n s i t i v i t y  o f  FA c e l l s  to  cyclophospham ioe m e ta o o lite s , can 
be compared w ith the cyclopbospivamide t o x i c i t y  o f te n  seen  in  FA 
p a t ie n ts  when cyclophospham ide i s  used as  a c o n d it io n in g  treatm ent 
fo r  none marrow tra n sp la n ta tio n  (Gluckman e t  a l . ,  1980). (See  
s e c t io n  1 .4 .5 )
1 .6 .2 .1 .6  F,chylm etllanesulpnonate (EMS)
E thylm ethanesulphonate (EMS) i s  an a lk y la t in g  agen t which req u ires  no 
m etab o lic  a c t iv a t io n  i n v i t r o  and has m utagenic and weak ca rc in o g en ic  
p r o p e r tie s  (Auerbach and Wolman, 1976).
Auerbach and Wolman (1976) observed a s ig n i f i c a n t  in crea se  in  
chromosomal a b erra tio n s  in EM S-stressed c u ltu ro c  t in r o b la s t s ,  when 
compared to  in trea ted  c e l l s .  No breaks were 2 in normal c e l l s
a t  the same n o n -to x ic  co n cen tra tio n s  o t EMS. At DEB and EMS 
c o n c en tr a tio n s  e q u iv a len t in th e ir  c y to to x ic  e f f e c t s ,  DEB was found 
to  be a s ig n i f i c a n t ly  more poten t c la s t o g e n . In c o n tr a s t  to  the 
above EMS f in d in g s , Latt e t  a l . (1975) and Meddle e t  a l . (1978) have 
rep orted  th a t EMS i s  not capable o t ca u sin g  e x te n s iv e  DNA 
c r o s s - l in k in g  and i s  not unduly to x ic  to  FA c e l l s .  (See s e c t io n
1 . 6 . 2 . 2  N on -a lk y lacin g  agen ts
1 .6 .2 .2 .1  la o n ic o t in ic  a c id  hyoracide (INH)
I s o n ic o t in ic  a c id  hydracide (INH) i s  an a n t i f o la t e  drug norm ally lued  
in  th e treatm ent o f tu b e r c u lo s is .  U nlike DEB, MMC, n itro g en  m ustard, 
cyclophospham ide m e ta b o lite s  and RMS, INH does not induce a lk y la t io n  
or c r o s s - l in k s  in CNA (Schroeder and Stahl-M auge, 1 9 7 ) ) .  However,
INH s u b s ta n t ia l ly  in c r e a se s  chromosomal in s t a b i l i t y  in  FA homozygous 
lym phocytes but lias no s ig n i f i c a n t  c la s to g e n ic  e f f e c t  on chromosomes 
in  FA heterozygou s and normal c e l l s  ( I b id ) .
1 .6 .2 .2 .2  Bleomycin
Bleomycin p o s se s se s  a number o f in te r e s t in g  b iochem ical p r o p e r t ie s , 
in c lu d in g  th e  a b i l i t y  to  c h e la te  heavy m eta ls , and to  cause in  v i t r o  
s c is s io n  and fragm entation  o f  DNA and o th er  p o ly -d eo x y n u c leo tid e  
stra n d s  (H aid le e t  a l . ,  197 2 ). T his agen t i s  known to  a ls o  in h ib it  
in co rp o ra tio n  o f thym idine in to  CNA (Cohen, e t  a l . ,  1 9 7 2 ).
Cohen e t  a l . (1982b) dem onstrated th a t long-term  lymphoid c e l l - l i n e s  
d erived  from p a t ie n ts  w ith FA and p a t ie n ts  w ith  AT are  
c la s t o g e n ic a l ly  s e n s i t iv e  to  tne n o n -a lk y la t in g , anti-tum our  
g ly o o p e p t id e , b leom ycin . AT c e l l s  however, appear to  be s p e c i f i c a l l y  
s e n s i t iv e  to  bleom ycin (Cohen e t  a l . ,  1901 ), whereas FA homozygous 
c e l l s  are s e n s i t iv e  to  a h ost o f  c la s to g e n ic  a g e n ts .
1 .6 .2 .3  A n tim eta o o lite s
Sasaki and Tonomura (1973) ev a lu a ted  th e e f f e c t  o f  actinom ycin  D, 
c a f f e in e  and chloram phenicol on the production  o f  chromosomal 
a b erra tio n s  in  cu ltu red  FA lym phocytes and normal c o n tr o ls .
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1 .6 .2 .3 .1  Actinom ycin D
Actinom ycin D# a lth ough  p r im a r ily  an RNA in h ib it o r ,  in very high  
o o ses  c r o a s - l in k s  DMA ana o lo ck s  UNA r e p lic a t io n  (Yarbro, 1 9 7 0 ).
This a n t im e ta b o lite  b in a s to  UNA and so  a ls o  b lo ck s  the a c tio n  o t  RNA 
p o ly n era se , th us in h ib it in g  UN A -d irec ted  WA s y n th e s is  ( I b id ) .
Actinom ycin D [0 .0 2 /ig /m lj r e su lte d  in s l i g h t l y  e le v a te d  breakage 
l e v e l s  in the co n tro l and FA c e l l s .  There was however, no 
s ig n i f i c a n t  d if fe r e n c e  in respon se to  t h i s  a n t im e ta b o lite .
1 .6 .2 .3 .2  C a ffe in e
C affe in e  a t  c o n cen tra tio n s  o t 50 and 500/ig/inl enhanced th e number o f  
chromosomal a b erra tio n s  in FA lym phocytes by approxim ately  5 - fo ld ,  
compared to  th e  c o n tr o l c e l l s .  (S asak i and Tonomura, 1 9 7 3 ).
C a ffe in e  a t  a much lower f in a l  co n cen tra tio n  o f ImM [1.9^ig/m l] does  
not however, s i g n i f i c a n t ly  a l t e r  chromosomal in s t a b i l i t y  in  FA 
lym phocytes (Schroeder and Stanl-M auge, 1 9 7 9 ). I n te r e s t in g ly ,  
a lth ough  INK enhances FA breakage r a t e s , INK p lu s  c a f fe in e  [ImM] 
f a i l s  to  in crea se  chromosomal breakage when compared w ith  n o n -trea ted  
c e l l s  ( I b id ) .
1 .6 .2 .3 .3  Chloram phenicol
Chloram phenicol b inds to  th e 505 ribosom al u n it and b lo ck s the  
tr a n s fe r  o f th e amino a c id  from ti> tkNA-aa complex to  th e p ep tid e  
chain  so  th a t p ep tid e  s y n th e s is  c e a se s  ( yarbro, 1970).
Sasaki and Tonomura (1973) noted th a t FA lym phocytes were 12 tim es  
more c la u to g e m c a lly  s e n s i t iv e  to  chloram phenicol than c o n tr o l c e l l s  
[ 0 . 1/ig/m lJ. Chloram phenicol i s  an a n t ib io t i c  in  common u sa g e , 
e s p e c ia l ly  in Kurope, and may o c c a s io n a l ly  cause an irrev ersa b J e  and 
o fte n  fa t a l  marrow a p la s ia . C le a r ly  th en , t h is  drug should  never be 
p rescr ib ed  for  FA p a t ie n ts .
In c o n tr a s t  to  the c y to g e n e t ic  f in d in g s  in DLti-treateu c u ltu r e s  (se e  
s e c t io n  1 .6 .2 .1 .2 ) ,  a conspicuous fea tu re  o f  the a n t im e td h o lite -  
tr ea ted  FA c e l l s  was a s ig n i f i c a n t ly  d ecreased  number o f exchange 
c o n fig u r a t io n s  -  approxim ately 10% o f the chrom atid a b erra tio n s  in 
the un treated  FA c e l l s  were of thie exchange ty p e , whereas such  
exchange a b erra tio n s  c o n s t itu te d  o n ly  1 .3  to  4.2% o f chromatid  
a o e r r a tio n s  in the tr ea ted  c e l l s  (Sasaki and Tonomura, 1973).
1 .6 .2 .4  Other chem ical a g en ts
According to  Sasaki and Tonomura ( i9 7 3 ) ,  P h a-stim u lated  FA 
lym phocytes are not abnorm ally s e n s i t iv e  to  m ethylm ethanesulphonate  
(MM3), N -m eth y l-N -n itro -N -n itrosogu an id in e  (MNNG) and 
4 -n itr o q u in o lm e  1 -ox id e  (4NgO). Thie s u s c e p t i b i l i t y  o f  FA c e l l s  to  
oecarbam oylmitom ycin C (DCMMC -  a m onofunctional d e r iv a t iv e  o f  MMC), 
was approxim ately  6 - fo ld  higher than that o f  normal co n tro l c e l l s  
fo llo w in g  treatm ent w ith 2^q DC fMC/ml. However, the c e l l s  were 
shown to  be far more s e n s i t iv e  to  MIC (se e  s e c t io n  1 .6 .2 .1 .3 ) .
Wunder and F leischer-R eischm ann (1983) performed FA lymphocyte 
c lo n in g  su r v iv a l t e s t s  fo llo w in g  treatm ent w ith  se v e r a l d oses o f  
B-m ethoxypsoralen and ex tia u stiv e  a c t iv ia t io n  w ith  U V -lig h t. 
S e n s i t iv i t y  o f  the FA homozygous lym phocytes was found to  be g r e a t ly  
in c r e a se d . Rather s u r p r is in g ly , the degree c t  the c e l lu la r  d e fe c ts  
corresponded to the c l i n i c a l  co u r se . However, no such s e n s i t i v i t y  
was noted by Sasaki and Tonomura (1 9 7 3 ).
1 .6 .2 .5  DNA v ir u s e s
Adenovirus type 12 tred u ces  tumours when in o cu la ted  in to  newborn 
ham sters, r a t s  ano i.ic-e (M cDougall, 1971). I n te r e s t in g ly ,  t h is  DMA 
v ir u s  r e s u l t s  in a sm aller  o v e r a ll in crea se  in cnromosomal breakage 
in FA c e l l s  compared to  normal c e l l s  in fe c te d  w ith  the v ir u s  ( I b id ) .  
In c o n tr a s t  to  FA c e l l s ,  normal c e l l s  sliowed ,i s ig n i f i c a n t  in crease  
in damage to  chromosome 1, w hile chromosome 2 appeared to  be 
s p e c i f i c a l l y  damaged in the FA c e l l s .  A lthough chromosome .17 was
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h ig h ly  s e n s i t iv e  to  adenovirus type 12 damage in  FA c e l l s #  normal 
c e l l s  appeared to  be even more s e n s i t iv e  to  chromosome 17 damage. 
McDougall (1971) has thus proposed th a t the c e l l - v i r u s  r e la t io n s h ip  
i s  d i f f e r e n t  in  FA and normal c e l l s  and th a t FA c e l l s  are l e s s  
p erm issive  to  adenovirus type 12 in fe c t io n  than are normal human 
c e l l s .  [ I t  i s  in te r e s t in g  to  note th a t chromosomes 1 and 17 appear 
to  be the most h ig h ly  s e n s i t iv e  chromosomes to  adenovirus type 12 in  
normal c e l l s  and th e  in te g r a t io n  s i t e s  for  adenovirus type 12 have 
been mapped to  chromosomes 1 and 17 (McDougall e t  aJ # 1 9 7 5 )] .
1 .6 .2 .6  P h y sica l mutagens
1 .6 .2 .6 .1  Gamma r a d ia tio n
H igurashi and Oonen (1971; 1973) dem onstrated th a t cu ltu red  
lymphocyte chromosomes from FA p a t ie n ts  were a t  le a s t  4 tim es more 
r a d io s e n s it iv e  than th ose  o f c o n tr o ls#  and cu ltu red  f ib r o b la s t s  were 
about tw ice  a s  r a d io s e n s it iv e  a s  c o n t r o ls .  T h is s ig n i f i c a n t ly  h igh  
i r w i t r o  r a d io s e n s i t iv i t y  e x h ib ite d  by FA homozygous c e l l s  was 
evic'encod by an in crea sed  frequency o f  d ic e n t r ic s  and r in g s  per c e l l#  
e s p e c ia l I /  fo llo w in g  100 ra d s , gamma ir r a d ia t io n . However# Sasaki 
and Tonomut ' (1973) found th a t FA lym phocytes responded norm ally to  
gamma-nv ir r a d ia t io n .  In f a c t ,  fo llo w in g  G2 and S pha«e 
ir r a d ia tio n #  tewer chromosome a b e r ra tio n s  were observed in  the FA 
c e l l s  than in  the ir r a d ia te d  normal c e l l s .  The c o n f l i c t in g  f in d in g s  
o f  H igurashi and Oonen (1971; 1973) and Sasaki and tonomura (1973) 
have not been su b s ta n t ia te d , but in te r e s t in g ly #  Remsen and C eru tti 
(1976) found 2 o f 4 FA f ib r o b la s t  s t r a in s  be be d e f ic ie n t  in th e  
a b i l i t y  to  e x c is e  gamma-ray p rod u cts. The la t t e r  fin d in g  in d ic a te s  a 
degree o f  h e te r o g e n e ity  w ith  r e sp e c t to  gamma-ray s e n s i t i v i t y  in  
d if f e r e n t  FA c e l l  s t r a in s .
1 .6 .2 .6 .2  X -Irra d ia tio n
Beard e t  a.. .  (1973) exposed p er ip h era l blood lym phocytes from
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p. - ...ents w ith  FA and matched c o n tr o ls  to  gr aded d o ses  o f  
X -ir r a d ia t io n . They concluded th a t th ere  was no apparent d if fe r e n c e  
between the 2 s e t s  o f  lym phocytes in th e ir  a b i l i t y  to  rep a ir  
X -ray-induced damage in  the dose range 50 to  300 r a d s .;  nor was any 
d if fe r e n c e  d e te c te d  in th e ir  s u s c e p t i b i l i t y  to  chromosome damage 
induced by X -ir r a d ia t io n . These c o n c lu s io n s  were confirm ed by Poon 
e t  a l . (1974) who dem onstrated th c t  FA c e l l s  were capable of 
r e jo in in g  X -ray-induced ENA ore,K S. Further con firm ation  o f th e  la ck  
o f  X -irra d ia tio n -in d u ced  c la s t o g e n ic i t y  vas provided by c lo n a g en ic  
su r v iv a l experim ents which showed th a t FA f ib r o b la s t s  were no more 
s e n s i t iv e  to  X -irrad  .a tio n  than normal c e l l s  ( Fornace e t  a l . ,  1979). 
However, Meddle e t  a l . (19''8) found a s l ig h t  in c r ea se  in  
p o s t - ir r a d ia t io n  chromosomal breakage in PHA-stimulated FA 
lym phocytes, a s  compared w ith  normals and FA h e te r o z y g o te s . A taxia  
t e la n g ie c ta s ia  c e l l s  on the o th er  hand, are ex trem ely  s e n s i t iv e  to  
X -rays. (See s e c t io n  1 .6 .5 .1 )
1 .6 .2 .6 .3  U ltr a v io le t  ir r a d ia t io n  (UV)
Sasaki and Tonomura (1973) found FA lym phocytes to  be 's l ig h t ly *  
s u s c e p t ib le  to  sh ort-w avelen gth  UV ir r a d ia t io n . Follow ing a dose o f  
75 ergs/mm2 o f 254nm UV, approxim ately  7 tim es more chromatid  
a b erra tio n s  were produced in th e  FA c e l l s  than in  ir ra d ia te d  c o n tr o l  
c e l l s .  N either  th e treatm ent w ith  8-m ethoxypaoralen a lo n e  nor 355 nn 
UV ( i . e .  lon g -w a v elen g th ) ir r a d ia t io n  a lon e was e f f e c t i v e  in  
producing chromosomal a b erra tio n s  in  th e FA and c o n tr o l c e l l s  
( I b id ) .  However, 2x105 ergs/run2 o f 355 nm UV in th e presence o f  
8-m ethosypsoralen  [0 .1 /ig /m l] r e su lte d  in e x te n s iv e  chromatid  
breakage; the FA lym phocytes were about 44 tim es more s u s c e p t ib le  to  
chrom atid a b erra tio n s  than the c o n tr o l c e l l s ;  the la t t e r  breakage 
r a te  was comparable to  th a t ob ta in ed  by the same a u th o rs , for  MMC and 
n itro g en  mustard s e n s i t i v i t y .  T his fin d in g  i s  not unexpected s in c e  
i t  i s  known th a t 8-m ethoxypaoralen in d u ces in ter s tr a n d  c r o s s - l in k s  in  
DMA when treatm ent i s  fo llow ed  by long-w avelength  UV ir r a d ia t io n  
(C o le , 1970). In a la t e r  stu d y  by Fornace e t  a l . (1 9 7 9 ), FA 
f ib r o b la s t s  were no more s e n s i t iv e  to  UV ir r a d ia t io n  than normal 
f ib r o b la s t s .
Regan e t  a l . (1 °73 ) have s ta te d  th a t FA c e l l s  can e x c is e  UV-induced 
pyrim idine dim ers norm ally, whereas Poon e t  a l . (1974) found th a se  
c e l l s  to  be d e f ic ie n t  in an exon u clease  fu n c t io n . (See s e c t io n  1 .8 )
1 .6 .2 .7  Summary
D irect com parisons o f  the v a r io u s s tu d ie s  to  d a te , i s  d i f f i c u l t  s in c e  
v a s t ly  d i f f e r e n t  p r o to c o ls  have been em ployed. However, FA c e l l s  do 
appear to  be s p e c i f i c a l l y  s u s c e p t ib le  to  chromosomal breakage by 
d ifu n c t io n a l (or p o ly fu n c tio n a l)  a lk y la t in g  a g en ts  such a s  DEB,
MMC,nitrogen m ustard, cyclophospham ide m e ta b o lite s  and EMS. They are  
a ls o  unduly s e n s i t iv e  to  long-w avelength  UV l ig h t  in  th e  presence o f  
8-m ethoxypsoralen . S u s c e p t ib i l i t y  to  chromosomal damage by 
m on ofu n ction a lly  r e a c tin g  a g en ts  such as  MMS, MNNG, 4NQ0 and DCMMC i s  
w ith in  normal l im i t s .  These f in d in g s  have been in te r p r e te d  a s  an 
in d ic a tio n  th a t FA c e l l s  are d e fe c t iv e  in  the rep a ir  mechanism th a t  
e x c is e s  in te r s tr a n d  WA c r o s s - l in k s  (Sasak i and Tonomura 1973:
S a sa k i, 1 9 7 5 ). (See s e c t io n  1 .8 .1 .3 .4 )
1»6 .3  S is t e r  chrom atid exchanges in F an con i1s  anaemia
S is te r  chrom atid exchanges (SCKs) rep resen t the in terch an ge o f  
chrom atids a t  a p p aren tly  homologous l o c i .  These exchanges a te  
thought to  in v o lv e  DMA breakage and reu n ion , but l i t t l e  i s  known 
about the m olecu lar b a s is  o f SCF, form ation . Consequently# the  
b io lo g ic a l  s ig n if ic a n c e  o f SCEs i s  obscure and a l l  in form ation  in  
t h is  r e sp ec t i s  la r g e ly  c ir c u m sta n t ia l. However, i t  appears th a t  
SCEs are in  some way a s so c ia te d  w ith  WA damage and th e rupair o f  DNA 
(W olff, 1977: A r le t t  and Lehmann, 1978; L att e t  a l . ,  1 9 8 0 ). A few
SCEs are u s u a lly  found in  normal in d iv id u a ls  (+3 -  1 1 / c e l l ) ,  but 
in creased  numbers o f  SCEs are produced in  normal cu 'tu re ti c e l l s  by 
ir r a d ia t io n  and a wide range o f  chem ical m utagens, o fte n  a t  very  low  
n o n -to x ic  d o se s  (Perry and Evans, 1975).
1 . 6 . 3 . 1  Spontaneous s i s t e r  chrom atid exchanges
A v a ila b le  ev id en ce in d ic a te s  th a t in  FA hom ozygotes, the b a se lin e  (or  
spontaneous) SCE fr e q u e n c ie s  are e q u iv a le n t  to  th ose  found in  normal 
c o n tr o l c e l l s .  (Hayashi and Schmid, 1975; L att e t  a l . ,  1975; 
S p er lin g  e t  a l . ,  1975; Novotna e t  a l . ,  1979; Berger e t  a l . ,  1980d; 
Cervenka e t  a l . ,  1981; Kano and Fujiw ara, 1981; 1 9 8 2 ). P o r f ir io  e t  
a l . (1983) have in  fa c t  noted s l i g h t l y ,  but s ig n i f i c a n t ly ,  reduced 
spontaneous l e v e l s  o f  SCEs in  c u ltu r e s  from 3 FA p a t ie n ts  and 5 FA 
h e tero zy g o te s  as compared w ith  normal c o n tr o ls .  H ovever, Miura e t  
a l .  (1983) reported  FA c e l l s  to  have s l i g h t l y  higher spontaneous SCE 
l e v e l s  than normal c e l l s .  T his i s  in  s ta rk  c o n tr a s t  to  Bloom 's 
syndrome which i s  c y to g e n a t ic a l ly  c h a r a c ter iz ed  by a h igh  frequency  
o f  spontaneous breaks p lu s  a d i s t i n c t l y  e le v a te d  frequency o f  SCEs 
(Chaganti e t  a l . ,  197 4 ).
The in t e r -  and intrachrumosomal d is t r ib u t io n  o f SCEs in  FA was shown 
not to  be s ig n i f i c a n t ly  d if f e r e n t  from normal c o n tr o ls  (S p erlin g  e t  
a l . , 197 5 ). G en era lly , th e  frequency o f SCEs per chromosome 
in crea sed  w ith  chromosome len g th , but the sm a ller  chromosomes 
e x h ib ite d  fewer SCEs than ixpected  ( Ib id ; L z.tt, 19 7 4 ).
1 .6 .3 .2  Induced s i s t e r  chrumat' d e xchanges
Reduced SCE in d u ction  ( i . e .  l e s s  than in normal c o n tr o ls )  has been 
noted in cu ltu red  p er ip h era l blood lym phocytes exposed to  MMC during  
th e p re-h a rv est r e p l ic a t io n  c y c le  (L a tt e t  a l . ,  1975; Cervenka et 
a l . ,  1 9 8 1 ). Thus, a f t e r  m v itr o  s t r e s s in g  w ith  MMC, FA lym phocytes 
e x h ib it  in creased  s e n s i t i v i t y  to  tlie  in d u ction  o f chromosomal 
breakage (s e e  s e c t io n  1 .6 .2 .1 .3 ) ,  but show l e s s  than the normal 
number o f SCEs. However, Novotna e t  a l . (1979) found the very  
opp osite  , namely th a t even a f t e r  very  low d o ses  o f  MMC o». TEPA (a 
p o ly fu n c tio n a l a lk y la t in g  a g e n t ) , i . e .  below the c o n cen tra tio n s  
required  to  induce chromosome breakage, th e number o f SCE. in  both  
normal and FA lym phocytes was s ig n i f i c a n t ly  in c r ea se d , in  the la t t e r  
breakage stu d y , the FA and c o n tr o l c e l l s  d id  not d i f f e r  s ig n i f i c a n t ly  
in  th e ir  response to  MMC or TEPA. Theso s tu d ie s  thus tend to
in d ic a te  th a t the mechanisms op era tin g  to  produce SChs are d if f e r e n t  
to  th ose  producing chromosome breakage.
Kano and Fujiwara (1981) a ls o  found th a t exposure o f  FA f ib r o b la s t s  
to  MMC fo r  approxim ately  1 c y c le  r Lted in  th e in d u ction  o f SCEs 
e q u iv a len t to  th a t found in  normal c e l l s ,  but i f  MIC exposure la s te d  
for  on ly  1 hour, a la r g er  in crea se  in  SCEs was e v id e n t in  FA 
f ib r ^ v la s t s  compared to  normal f ib r o b la s t s .  In agreement w ith  th ese  
f in d in g s , Miura e t  a l . (1903) reported  th a t MMC exposed FA n i l s  
e x h ib it  about 1 .4  tim es h igher SCE freq u en c ie s  than normal c e l l s .
SCE r a te s  are not enhanced in  FA homozygous or heterozygous  
lym phocytes c  'iwn in  the presence o f DEB, ir r e s p e c t iv e  o f  th e tim e a t  
which i t  i s  added to  the c u ltu r e  (P o r f ir io  e t  a l . ,  1 9 8 3 ). T his i s  in  
c o n tr a s t  w ith  SCE r a te s  in c o n tr o l c e l l s ,  which show in c r e a se s  
p o s i t iv e ly  r e la te d  to  the len g th  o f DEB trea tm en t.
H yperinduction o f SCEs by n itrogen  mustard in  FA was reported  by 
Berger e t  a l . (1980d ). Based on n itro g en  m ustard-induced SCE 
fr e q u e n c ie s , they found th a t FA h e tero zy g o te s  could  be d is t in g u ish e d  
from normal c o n tr o ls .  FA homozygous c e l l s  w r e  in turn more 
s e n s i t iv e  to  n itro g en  mustard than FA h e tero zy g o te s  and c o n tr o ls  
( I b id ) .
C lea r ly , th e a v a ila b le  data on SCE in d u ction  in  FA are mixed and 
o fte n  co n tr a d ic td ry . Triese f in d in g s  are a ls o  d i f f i c u l t  to  in te r p r e t  
oecause o f the p resen t la ck  o f knowledge on th e b a s ic  mechanisms 
producing SCEs. The production  o f SCEs by MMC for exam ple, has been 
reported  as being suppress*xi, normal or e le v a te d , depending on the  
experim en tal p r o to c o ls  u sed . A fa c to r  which may have co n tr ib u ted  to  
th ese  c o n f l ic t in g  r e s u l t s  i s  th a t an inverst* r e la t io n s h ip  e x i s t s  
between the len gth  o f sto ra g e  of MMC and th e number o f  induced SCEs 
(Oervenka and H irsch , 19U3).
1 .6 .4  M icronucleus form ation in  F ancon i1s  anaemia
Chromosomal fragm ents lack in g  centrom eres are not incorporated  in to
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daughter n u c le i and co n seq u en tly  g iv e  r i s e  to  s o -c a l le d  
'm ic r o n u c le i1. The production  o f  m icron u cle i q u a n t it a t iv e ly  r e f l e c t s  
the e x te n t  o f  spontaneous chromosome breakage in  human lymphocyte 
c u ltu r e s .  The shape o f the c la s to g e n ic  d ose-resp o n se  curve i s  
however d is to r te d , presumably because o f  c e l l  death  a t h igh er  
m utagenic co n cen tra tio n s  (Countryman and Heddle, 1976).
Meddle e t  a l . (1978) dem onstrated th a t FA p a t ie n ts  may e a s i l y  be 
id e n t i f ie d  by the m icronucleus technique on th e b a s is  o f  (1 ) an 
e le v a te d  spontaneous frequency o f  m icro n u c le i, corresponding to  the  
e le v a te d  in h eren t a b erra tion  r a te  in  th e se  p a t ie n ts ;  an ! (2) an 
in creased  production  of m icronu cle i fo llo w in g  MIC trea tm en t. At 
r e la t iv e l y  h igh  d oses o f  MIC (e g . 30ng/m l), fewer m icron u cle i were 
p resen t than a t  lower d o ses  (e g . lO ng/m l) ,  presumably due to  
e x te n s iv e  c e l l  death  -  in the absence ^f c e l l  d iv i s io n ,  th e  
op p ortun ity  for  chromosomal fragment lo s s  wilL not a r is e  and thus no 
m icron u cle i w i l l  be formed. The same e f f e c t  was noted in  the  
c o n tr o ls ,  but a t  h igher MKC c o n c e n tr a tio n s .
Using th e m icronucleus method o f  a ssa y in g  chromosomal breakage in  
PHA-stimulated lym phocytes, H eid le e t  a l . (1978) noted th a t  
s u s c e p t ib i l i t y  to  EriS-induced chromosomal damage was w ith in  normal 
l im i t s .  These r e s u l t s  are in c o n tr a s t  to  the chromosome breakage 
r e s u l t s  o f  Auerbach and Wolman (1976) who found FA c e l l s  to  be 
abnorm ally s e n s i t iv e  to  MLS. (See s e c t io n  1 .6 .2 .1 .6 )  Furtherm ore, 
Heddle e t  a l . (1978) found no in crea se  in  tlie number o f m icron u cle i 
a f t e r  the exposure of FA imozyqote lym phocytes to  
m ethylm ethanesulphonate (MMS) or to  5-brom udeoxyuridine ( BrUU) .
1 .6 .5  Comparison o f c y to g e n e t ic  f in d in g s  in  F an con i's  anaemia 
w ith  f in d in g s  in  a ta x ia  t e la n g ie c t a s ia ,  Bloom 's syndrome 
and xeroderma pigmentosum
As po in ted  o u t in s e c t io n  1 .4 .4 ,  FA i s  not unique w ith r e sp e c t to  i t s  
a s so c ia te d  chromosomal f r a g i l i t y ,  and th er e fo re  o th er  d iso rd ers  
should a ls o  he con sid ered  in  the d i f f e r e n t ia l  c y to g e n e t ic  d ia g n o s is
o f  FA (L opes, 1 9 8 2 ). The c y to g e n e t ic  a b n o rm a litie s  a s so c ia te d  w ith  3 
oth er  well-known chromosome breakage d iso r d e r s  are th ere fo re  
d isc u sse d  and compared w ith  the f in d in g s  in  FA. (The c l i n i c a l  
fe a tu r e s  a s s o c ia te d  w ith  th ese  d iso r d e r s  are  d isc u sse d  in  s e c t io n  
1 .4 .4 )
1 .6 .5 .1  A taxia t e la n g ie c t a s ia  (AT)
C e lls  from tlie m ajority  o f AT p a t ie n ts  exam ined, show abnorm ally h igh  
freq u en c ie s  o f  gaps and b rea k s , whereas the SCE r a te  i s  normal 
(Hatcher e t  a l . ,  1976; A r le t t  and Lehmann, 1 9 7 8 ). Some AT 
h etero zy g o te s  a ls o  have an in creased  a b erra tio n  frequency in  cu ltu red  
lym phocytes and f ib r o b la s t s  (Cohen e t  a l . ,  1975; Oxford e t  a l . ,  
1975). In a d d itio n  to  chromosomal breakage, lym phocytes from many 
p a t ie n ts  show a s ta b le  chromosomal rearrangement in v o lv in g  th e long  
arm o f chromosome 14 (Hecht e t  a l . ,  1973; McCaw e t  a l . ,  1975). T his  
fin d in g  i s  o f  in t e r e s t  a s  chromosome 14 i s  o fte n  a marker for  
ly m p h o p ro lifera tiv e  d is e a s e s  o f  both B and T c e l l - t y p e  (K le in , 1979; 
Sandberg and Wake, 1981).
At the c e l lu la r  l e v e l , an in creased  number o f  chromosomal a b erra tio n s  
are seen in response to  io n iz in g  r a d ia tio n  (T aylor e t  a l . ,  1976; 
T a y lo r , 1 9 7 8 ). However, based on the c la s to g e n ic  e f f e c t s  o f  
X -ir r a d ia t io n , AT h e tero zy g o tes  cannot he c y to g e n e t ic a l ly  d e l in ia te d  
from normal c o n tr o ls  (N atarajan e t  a l . ,  1982 ). AT c e l l s  are a ls o  
very  s u s c e p t ib le  to  the in d u ction  o f chromosomal breakage by cert* n 
ch em ica ls  such as  actinom ycin  D and mitomycin C (MMC) (Kraemer, 1977; 
Natarajan and M eyers, 197 9 ). AT c e l l s ,  ( l ik e  FA c e l l s )  are however, 
in  c o n tr a s t  to  XP c e l l s ,  p r o f ic ie n t  in th e rep a ir  o f UV-induced 
damage. ( Paterson e t  a l . , 1977; Kraemer 197 7 ). Some degree o f
g e n e t ic  h e tero g en e ity  has been rep orted  to  be a s so c ia te d  w ith  AT 
(Jasp ers and Bootsma, 1982, Murnane and P a in te r , 1 9 8 2 ). (See 
s e c t io n s  1 .4 .2  and 1 .6  for s im ila r  f in d in g s  in  FA)
1 .6 .5 .2  Bloom 's syndrome (BS)
German (1964) was the f i r s t  to  d e scr ib e  th e c y to g e n e t ic  f in d in g s  in
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BS. In c o n tr a s t  to  FA in  which chrom atid a b n o rm a litie s  are th e most 
numerous, the m ajority  o f a b n o rm a litie s  in BS are o f  the chromo'xxnal 
v a r ie ty  (Schroeder and German, 1974). A s tr ik in g  fea tu re  of the  
chromosomal a b erra tio n s  seen in  BS are q u a d r ir a d ia ls , found in  both  
f ib r o b la s t s  and lym phocytes. These q u a d r ira d ia ls  are the r e s u l t  o f  
exchanges between homologous chromosomes, u su a lly  a t  the centrom ere  
(Oomings, 1975; Schroeder and German, 1974). Such exchanges are  
sym m etrical in appearance and are nonrandomly d is tr ib u te d  among the  
chromosomes (German, 1972; S h ir a ish i and Sandberg, 197 7 ). Between 
0.5% and 14% of a l l  d iv id in g  PHA-stimulated lym phocytes d isp la y  th ese  
q u ad rirad ia l f ig u r e s  which o fte n  in v o lv e  chromosome 1 and the  
chromosomes o f the C and F groups (Sandberg, 1900). Q u ad rirad ia ls  
are r a r e ly  seen  in th e o th er  chromosome breakage syndromes, and when 
p r e se n t, are  u s u a lly  o f the asym m etrical type in v o lv in g  
non-homologous chromosomes. (T r ir a d ia l f ig u r e s  are more comnon than 
than q u a d r ira d ia ls  in FA)
Ghaganti e t  a l . (1974) w r e  the f i r s t  to  observe a s t r ik in g ly  h igh  
in c id en ce  o f sp on tan eously  occu rrin g  SCEs in  cu ltu red  BS lym phocytes. 
BS i s  the o n ly  in h e r ite d  d iso rd er  in which a spontaneous in crea se  in  
SCEs has been recorded (S h ir a ish i e t  a l . ,  197 6 ). In c o n tr a s t  to  most 
o f  the reported  f in d in g s  on c e l l s  from FA p a t ie n ts  ( s e e  s e c t io n  
J . 6 . 3 . 2 ) ,  MMC enhances the in c id en ce  o f SCEs in BS c e l l s  (S h ir a ish i  
e t  a l . ,  1976; Sandberj 1980). The frequency o f SCEs in  BS 
lym phocytes i s  approxim ately  80 per c e l l  compared to  a base va lu e  o f  
approxim ately  6 .4  S C E s/ce ll in normal c e l l s  (Sandberg, 1980). T his  
dram atic in crea se  in SCEs i s  now known to  occur in a l l  BS o e l l  ty p es  
(Bartram e t  a l . ,  1976; S h ir a ish i e t  a 1 . ,  1976; Henderson and 
German, 1978; L a tt , 1979). Although a p o s i t iv e  d ia g n o s is  o f  BS was 
p r e v io u s ly  u su a lly  o n ly  made a f t e r  th e in v i t r o  d e te c t io n  o f one or  
more q u ad rirad ia l f ig u r e s ,  a d ra m a tica lly  h igh  frequency o f SCEs i s  
today con sid ered  pathognomonic in su sp ected  BS c a s e s .
BS c a se s  have been reported  to  be m oderately s e n s i t iv e  to  UV l ig h t  
(G ia n e lli  e t  a l . ,  1977) and to  X-rays (H igurashi and Conen, 1 9 7 3 ). 
However, UV-induced pyrim idine dimer e x c is io n ,  daughter strand  rep a ir  
and the r e jo in in g  o f s in g le  strand  breaks fo llo w in g  X -ir r a d ia tio n
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appear to  be normal (G ia n e lli  e t  a i . ,  1977; Ahmed and Setlow  1978; 
V incent e t  a l . ,  1 9 7 8 ). H y p e r se n s it iv ity  to  the a lk y la t in g  agen t  
ethylm ethanesu lph onate (EMS) was noted by A r le t t  and Lehmann (1973) 
and by K repinski e t  a l . (1 9 7 8 ) .
1 .6 .5 .3  Xeroderma pigmentosum (XP)
In c o n tr a s t  to  the in creased  spontaneous chromosomal a b erra tio n s  in  
FA, B5, and AT, a tendency to  spontaneous chromosome breakage i s  not 
ev id e n t in  XP c e l l s  ( re ter  to  review  in  Sandberg, 1 9 8 0 ). However, 
th ere  are is o la te d  rep orts  o f  c lo n e s  o f  c e l l s  w ith  p seu d od ip lo id  
complements (German 1973b). The la t t e r  f in d in g s  su g g est th a t a t  some 
e a r l i e r  s ta g e  i . e .  p r ior  to  c u ltu r in g , a tendency to  chromosomal 
f r a g i l i t y  and rearrangement may have e x is t e d  in v iv o .
The acu te  s u n - s e n s i t iv i t y  o f  XP p a t ie n ts  i s  r e f le c te d  a t  the c e l lu la r  
l e v e l  ; cu ltu red  XP c e l l s  (w ith  th e ex cep tio n  o f  the XP v a r ia n t s ) , 
are h y p e r se n s it iv e  to  UV l i g h t ,  which induces a h igh  in c id en ce  o f  
chromosomal a b erra tio n s  and SCEs in  f ib r o b la s t s  and PHA-stimulated  
lym phocytes (Robbins e t  a l . ,  1974; C leaver and Bootsma, 1975;
Bartram e t  a l . ,  1976; Schonwald and P a ssa rg e , 1977; Pawsey e t  a l . ,  
1 9 7 9 ). In a d d it io n , XP c e l l s  are ex trem ely  s e n s i t iv e  to  the  
c e l l - k i l l i n g  and c la s to g e n ic  a c t io n s  o f  c e r ta in  ch em ica ls such as  
d e r iv a t iv e s  o f  a cety la m in o f1uorene ( AAF) and n itr o q u in o lin e  ox id e  
(C leaver and Bootsma, 197 5 ). XP c e l l s  however, respond norm ally to  
io n iz in g  r a d ia tio n  and to  a lk y la t in g  a g en ts  such as  MMC (San e t  a l . ,
1 9 7 7 ). As po in ted  ou t in s e c t io n  1 .6 .2 .1 .3 ,  FA c e l l s  are ex trem ely  
v u ln erab le  to  the c la s to g e n ic  e f f e c t s  o f  MMC. T h erefore , a lth ou gh  XP 
c e l l s  do not have an abnorm ally h igh  in c id en ce  o f  spontaneous 
chromosomal a b e r r a t io n s , th ey  are p a r t ic u la r ly  h y p e r se n s it iv e  to  
UV-induced damage.
1 .7  CELLULAR AHNUkMALITIES IN b'ANCON I 'S  ANAEMIA
In a d d itio n  to  in h eren t chromosomal i n s t a b i l i t y ,  FA c e l l s  are  
ch a ra cter ized  by a v a r ie ty  o f  c e l lu la r  d e f e c t s .
1«7 .1  C e ll c y c le  a n a ly s is
Cultured FA homozygous f ib r o b la s t s  have a s ig n i f i c a n t ly  longer mean 
pop u lation  doubling tim e (3 0 .3  hours) than normal c o n tr o l c u ltu r e s  
(22 .urs) grown and te s te d  under the same standard condi ons  
(Elmure and S w if t , 1975; S w if t , 1976a). Weksberg e t  a l . (1979) a ls o  
noted th a t FA f ib r o b la s t s  have a decreased  p la t in g  e f f i c i e n c y  and a 
lower r a te  o f  accum ulation o f m ito t ic  c e l l s  in  c u ltu r e . Auerbach e t  
a l .(1 9 0 0 ) confirm ed th ese  o b se rv a t io n s .
The r a te  o f  p ro g ressio n  through the c e l l  c y c le  i s  reduced in  FA 
lym phocytes, ana t h i s  i s  fu rth er  reta ra ea  by th e a d a it io n  o£ (me to  
the c u ltu r e s  (S a sa k i, 1975 ). Thus, exposure to  DMA c r o s s - l in k in g  
a g en ts  a c ce n tu a te s  th e low m ito t ic  Index o f  FA c e l l s  (German e t  a l . ,  
1978; Weksberg e t _ a l „  1 9 7 9 ). Flow cy to m etr ic  s tu d ie s  o f  FA 
f ib r o b la s t s  r e f l e c t  t h i s  low m ito t ic  index a s  a far  g r ea ter  
a ccu n u la tion  o f  FA c e l l s  than normal c e l l s  in th e G2 phase o f  the  
c e l l  c y c le ,  fo llo w in g  exposure to  MMC (L att e t  a l . ,  1 9 8 2 ). I t  should  
however, be noted  th a t fo llo w in g  treatm ent w ith  MMC th e  percentage o f  
metaphase c e l l s  in  the G2 * H peak decreased  in  a l l  l i n e s ,  but t h i s  
e f f e c t  was most marked in  c e l l s  from p a t ie n ts  w ith  FA. where 
v ir t u a l ly  no m etaphases were found. These f in d in g s  have been 
su b s ta n tia te d  by Miura e t _ a l .  (1 9 8 3 ) . The la t t e r  workers a ls o  noted  
th a t FA c e l l s  p r o l i f e r a t e  much more s lo w ly  than normal c e l l s .
MMC-stressed fa and normal c e l l s  were c h a ra c ter ized  by d o s e -r e la te d  
d e la y s  in c e l l  turnover t im e s , w ith  th e d ,r a t io n  o f  d e la y  being muih 
lon ger in FA than in normal c e l l s .  In c o n tr a s t  to  the e f f e c t  o f  MMC, 
m s  (se e  s e c t io n  1 .6 .2 .1 .6 )  d id  not e f f e c t  th e normal d i f f e r e n t ia l  
accum ulation o f FA f ib r o b la s t s  in la t e  s ,  G2 or M (Peddle e t  a l . ,
D u tr illa u x  e t _ a l .  (1982) Observed a s ig n i f i c a n t  slow ing o f  the c e l l  
c y c le  i n v i t r o  in  a l l  FA p a t ie n ts  and p o s s ib ly  in  FA c a r r ie r s ,  
a lth ou gh  to  a le s s e r  d e g r ee . T his s lo w  c e l l  c y c le  appears to  be due 
m ostly  to  a very  long G2 p h ase, which would r e s u l t  in an apparent 
accum ulation o f c e l l s  in  0 2 . The reason fo r  t h i s  accum ulation o f  FA 
c e l l s  in  th e G2 ph ase, rem ains to  be determ ined .
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In accordance w ith  p rev iou s s tu d ie s#  Kuboies e t  a l . (1985) a ls o  
rep orted  th a t the G2 phase o t  the FA c e l l  c y c le  i s  s e v e r e ly  
prolonged # but t h i s  d e la y  appears to  be compensated in  part by a 
subsequent Gl phase d u ration  th a t i s  u n u su a lly  s h o r t . The la t t e r  
authors have proposed th a t some FA c e l l s  may, a s  a consequence o f  
t h i s  aberrant c e l l  cy c le#  e n te r  th a t second growth phase w ithout 
p rio r  com pletion  o f  th e delayed  c e l l  c y c l e . I t  i s  p o stu la ted  th a t  
renewed r e p l ic a t io n  would ensue in  such c e l l s  w ith out then p assin g  
through m ito s is  and c y to k in e s is ,  thus lead in g  to  en d o red q p lica tio n . 
(See s e c t io n  1 .6 .1 .2 .2 )
The ra te  o f  DNA ch ain  e lo n g a tio n  in  FA c e l l s  corresponds to  th a t o f  
c o n tr o l c u ltu r e s ,  whereas th ere  i s  a s ig n i f i c a n t  d if fe r e n c e  between 
c o n tr o ls  and cu ltu red  Bloom 's syndrome c e l l s .  (Hand and German,
1975: Hand,197 7 ). Furtherm ore, th e  s i z e  o f  FA ana AT r e p lic o n  u n its
was found to  oe the same a s  in normal c e l l s  (Hand, 197 7 ).
DNA damage may a l t e r  normal CNA r e p lic a t io n  in  d if f e r e n t  ways. For 
exam ple, n on -rep aired  a b erra tio n s  in h ib it  the i n i t i a t io n  or  
p ro g ressio n  o f  DNA s y n th e s is  and promote exchanges between homologous 
DNA stra n d s ( G ia n e l l i , 1 9 8 0 ). C leaver (1980) proposed th a t th ere  may 
in  ta c t  be an a c t iv e  p ro cess  whereby r e p lic a t io n  i s  1s w itc h e d -o f f ' 
w h ils t  r ep a ir  i s  o c cu rr in g . In the absence o f  such a mechanism, one 
would ex p ec t the chromosome breakage syndromes to  have a lte r e d  
r e p lic a t io n  p a tte r n s . However, a s  d isc u sse d  above, sk in  f ib r o b la s t s  
from FA and AT in d iv id u a ls  were found to  have au torad iograp h ic  
p a tte rn s  o f  DNA r e p lic a t io n  s im ila r  to  th ose  o f normal c o n tr o ls  
(Hand, 1 9 7 7 ). T his fin d in g  su g g e s ts  th a t d e s p ite  abnormal 
s u s c e p t ib i l i t y  to  DNA damage, s-p h a se  DNA s y n th e s is  i s  normal in FA 
and AT. In f a c t , a normal S—phase d u ration  has been reported  by 
Kubbies e t  a l . (1 9 8 5 ) . However, f ib r o b la s t s  and lym phocytes from BS 
p a t ie n ts  have a retarded  r a te  o t  r e p l ic a t io n  fork  movement compared 
to  normal a d u lt  c o n tr o ls  (Hand and German, 1975; 1 9 7 7 ). I t  i s  
thought th a t the l a t t e r  fin d in g  may be a s p e c i f i c  m a n ife sta tio n  o f  
d e te c t iv e  DNA s y n th e s is  in  BS c e l l s .  I t  fo llo w s  th a t the d e te c t  in  
BS may not n e c e s s a r i ly  in v o lv e  one o f  the DNA rep a ir  mechanisms (see  
s e c t io n  1 .8 .1 )#  but ra th er  a f f e c t # e i th e r  d ir e c t ly  or in d ir e c t ly ,  DNA 
r e p l ic a t io n .
In v i t r o  FA bone marrow c u ltu r e s  a ls o  show a marked d ecrease  in  
co lon y  growth in th e  pre-anaem ic ( Daneshbod-Skibba e t  a l . ,  1980 ), 
anaemic ( I b id ,  Lui e t  a l . ,  1977; Saunders and Freectnan, 1978; Chu,
1979) and leukaem ia (F r in d u ll e t  a l . ,  1979) phases o f  th e syndrome. 
These r e s u l t s  su g g est an in t r in s i c  stem c e l l  d e fe c t  in  FA p a t ie n ts  
(Auerbach e t  a l . ,  1982).
No s p e c i f i c  n u tr it io n a l supplement has y e t been shown to  r e s to r e  a 
normal growth r a te  in  FA c e l l s .  I f  a compound or c la s s  o f  compounds 
was found to  s p e c i f i c a l l y  enhance the growth o f  FA c e l l s ,  t h i s  would 
provide much-needed in s ig h t  in to  the m etab o lic  abnorm ality producing  
t h i s  in v i t r o  growth re ta rd a tio n  and r e s u lt in g  in  the d iv e r se  
c l i n i c a l  and la b o ra to ry  ex p ress io n  o f t h i s  g e n e t ic  d iso rd er  (Elmore 
and S w if t , 1 9 7 5 ). Furtherm ore, and most im p ortan tly , such knowledge 
could  be accompanied by much-needed th era p eu tic  b e n e f i t s .
1 .7 .2  V iral transform ation
Numerous v ir a l  tran sform ation  s tu d ie s  have been performed in  an 
attem pt to  e lu c id a te  the a s s o c ia t io n  between FA and leukaem ia.
Todaro e t  a l . (1966) developed  a q u a n tita t iv e  system  fo r  the stud y  
o f  transform ed cu ltu red  human d ip lo id  f ib r o b la s t s .  Simian v ir u s ,  
JV40, a papovirus r e la te d  to  the human wart v ir u s , was used to  in f e c t  
FA homozygous and FA heterozygous f ib r o b la s t s  c e l l - l i n e s .  Monolayers 
o f  FA homozygous and ^heterozygous c e l l s  showed a g r ea ter  nuntaer o f  
lo c a l iz e d  a rea s  undergoing rapid and d isa rra y ed  p r o lif e r a t io n  
compared w ith  normal co n tro l c u ltu r e s ;  w h ile  the c o n tr o l c u ltu r e s  
showed 1 .6  to  5 .1  'transform ed' areas for every  Id 000 c e l l s ,  the  
range in creased  to  20 .1  to  2 8 .2  per 10 000 heterozygous c e l l s  and
4 1 .4  to  7 9 .7  per 10 000 homozygous c e l l s .  These p r o l i f e r a t iv e  
r esp o n se s , termed ' tr a n sfo r m a tio n ', are th er e fo re  a ls o  seen  in  normal 
in d iv id u a ls ,  but occur more r e a d ily  in  c e l l s  o f  a f fe c te d  homozygotes 
and c a r r ie r s  o f the FA g e n e . The h etero zy g o te  response i s  
in term ed ia te  between th at o f  the homozygotes and c o n tr o l . German 
(1973b) p o in ted  ou t th a t th e d if fe r e n c e  in  transform ation  
s u s c e p t i b i l i t y  between the th ree  c e l l - l i n e s  in fe c te d  w ith  SV40 i s  not
in  th e  type o f in te r a c t io n  between th e v ir u s  and th e c e l l ,  but ra th er  
in  th e  frequency w ith  which i t  o ccu rs .
Dosik e t  a l . (1970) a ls o  found an in creased  number o f SV40 
transform ed areas in c e l l  c u ltu r e s  from a s ib l in g  and th e o b lig a te  
c a r r ie r  p aren ts o f  2 a f fe c te d  c h ild r e n , but both Young (1971) and 
Beard e t  a l . (1973) were unable to  d e te c t  a d if fe r e n c e  between 
h etero zy g o tes  and normal in d iv id u a ls . F ib r o b la s ts  d er ived  from FA 
homozygotes did  however, show a 1 0 -fo ld  in crea se  in s u s c e p t ib i l i t y  to  
SV40 transform ation  (Beard e t  a l . ,  197^ ).
The ex p ress io n  o f  SV 40-T-antigen was s ig n i f i c a n t ly  e le v a te d  over  
normal c o n tr o ls  in 10 p a t ie n ts ,  in c lu d in g  2 young pre-anaem ic  
p a t ie n ts  (L u b in ieck i e t  a l . ,  1977). In the la t t e r  s tu d y , ex p ress io n  
o f T -an tigen  d id  not appear to  c o r r e la te  w ith  the in c id en ce  or 
s e v e r ity  o f  c l i n i c a l  symptoms c h a r a c t e r is t ic  o f  FA, but d id  c o r r e la te  
w ith th e in c id en ce  o f  ir; v i t r o  co lon y  tra n sfo rm a tio n . I t  i s  not 
knotm whether th ere was any c o r r e la t io n  w ith subsequent p o s s ib le  
leukaemia development in th ese  p a t ie n t s .
I n te r e s t in g ly ,  'naked1 SV40 DNA ( i . e .  p u r if ie d  v ir a l  ENA) does not 
transform  FA c e l l s  more r e a d ily  than c o n tr o ls  (Aaronson, 1 9 7 0 ). I t  
i s  p o s s ib le  th at th e la t t e r  o b serv a tio n  may r e f l e c t  an FA c e l l  
su r fa ce  abn orm ality . Other in d ic a t io n s  th a t the membranes o f FA 
c e l l s  may be a lte r e d , come from the f in d in g s  by Pochedly e t  a l .
(1972) th a t FA red blood c e l l s  fiave red iced  osm otic f r a g i l i t y  and 
acrylam ide g e l  e le c tr o p h o r e s is  of FA membrane p r o te in s  y ie ld s  an 
abnormal hand. FA f ib r o b la s t s  are a ls o  in s e n s i t iv e  to  osm otic l y s i s  
(S w if t , 1976a).
The SV40 in te g r a tio n  s i t e s  in the human genome have been map>ped to  
chromosomes 7 and 17 (Khoury and C roce, 1976: C roce, 1977). I t  i s
not known whether th ese  chromosomes are unduly f r a g i le  in  
SV40-transform ed FA c e l l s  compared to  transform ed normal co n tro l  
c e i l s .
C lea r ly  th en , th ere  may v e i l  be a c lo s e  r e la t io n s h ip  in  FA between  
in h eren t chromosomal i n s t a b i l i t y ,  c e l l  membrane a b n o rm a litie s , 
in creased  s u s c e p t i b i l i t y  to  transform ation  by oncogenic v ir u se s  (e g .  
SV4G) and an in creased  p r e d isp o s it io n  to  m alignancy. (See s e c t io n
5 .3 .5 .2 ) .
1 .7 .3  Endogenous breakage fa c to r s
F ib r o b la sts  from OS p a t ie n ts  r e le a s e  a low m olecular w eight component 
in to  the c u ltu r e  medium which breaks chromosomes and induces SCtis in 
F3A -stim ulated lym iixx:ytes from normal <1onora (lin er it and C e r u t t i , 
1981). By c o n tr a s t , i t  has been dem onstrated th a t SCE freq u en c ie s  in  
BS f ib r o b la s t s  are reduced fo llo w in g  c o c u lt iv a t io n  w ith  normal c e l l s  
( Bartram e t  a l . ,  1979). Plasma o f BS p a t ie n ts  a ls o  co n ta in s  a 
c la s to g e n ic  f a c t o r , thus in d ic a tin g  th a t t h is  fa c to r  i s  a bona f id e  
c h a r a c t e r is t ic  o f  BS rath er  than m erely a property o f BS f ib r o b la s t s  
in c u ltu re  (D n erit e t  a l. , 1982).
A c la s to g e n ic  fa c to r  has a ls o  been d e te c ted  in  th e c u ltu re  media o f  
f ib r o b la s t s ,  in  the plasma and in the «upernatant o f am n iotic  
c u ltu r e s  o f  a ta x ia  t e la n g ie c t a s ia  p a t ie n ts  (Shaham e t  a l . ,  1980 ).
However, ev id en ce  for the presence o f an endogenous c la s to g e n ic  
fa c to r  in FA i s  l e s s  c o n c lu s iv e . Bloom e t  a l . (1966) attem pted to  
dem onstrate a humoral breakage substance in FA by c u ltu r in g  a 
p a t ie n t 's  plasma w ith  blood from a normal donor fo r  72 hours; no 
in crea se  in  the number o f a b erra tio n s  was found in the normal c e l l s ,  
nor d id  normal plasma le s s e n  th e chromosomal d e fe c t  in FA 
lym phocytes. Perkins e t  a l . (1969) su b s ta n tia te d  the la t t e r  r e s u lt s  
and concluded th a t the spontaneous chromosomal a b erra tio n s  in FA are  
not l ik e ly  to  be caused by a fa c to r  c ir c u la t in g  in  the plasma o f FA 
p a t ie n ts .  Germain and Requin (1970) a ls o  co cu ltu red  FA lym phocytes 
w ith normal c e l l s  and d id  not fin d  a d ecrease  in  the frequency of 
breaks in  the FA c e l l s .
Yoshida (1980) noted tiowever, th a t  the h igh  ra te  o t  spontaneous and 
MMC-induced chromosomal a b erra tio n s  in FA f ib r o b la s t s  from a fem ale  
p a tien t was f u l ly  co rrected  a f t e r  eu p io id  som atic c e l l  h y b r id iz a tio n  
w ith  normal male embryonic f ib r o b la s t s .  Unfused d ip lo id  FA c e l l s  in  
the mixed c u ltu r e  were not c o r r e c te d . There was no d e te c ta b le  e f f e c t  
on the a b erra tio n  frequency in unfused normal f ib r o b la s t s  in  the  
mixed c u ltu r e .  The author concluded th a t spontaneous chromosomal 
f r a g i l i t y  probab.y r e f l e c t s  an in s t r in s ic  g e n e t ic  d e fe c t  in  th e FA 
c e l l s  th em se lv es, rather than the e f f e c t  o f  a c ir c u la t in g  c la s to g e n ic  
fa c to r .
R esu lts  o f  experim en ts by Nordenson e t  u l . (1980) c o n f l i c t  w ith  th ose  
o f Bloom e t  a l . (1966) and Perkins e t  a l . (1 9 6 9 ) . The former 
resea rch ers  showed c o c u lt iv a t io n  w ith  normal lym phocytes 
s ig n i f i c a n t ly  reduces the ab erra tio n  frequency o f  FA lymphocyte 
chromosomes -  the frequency o f FA chromosomal a b erra tio n s  was lowered  
by about 80%. However, the r e s id ia l  a b erra tio n  r a te  tn the  
c o c u lt iv a te d  FA c e l l s  was s ig n i f i c a n t ly  h igh er than the r a te  in  
normal c e l l s  and in  normal co cu ltu red  c e l l s .  There was no d if fe r e n c e  
in  the frequency o f chromosomal breakage between normal c e l l s  and 
c o c u lt iv a te d  normal c e l l s .
In support o f  the la t t e r  r e s u l t s ,  Zakrzewski and S p er lin g  ( 1980b) 
a ls o  noted a p a r t ia l  red u ction  in the spontaneous chromosomal 
ab erra tio n  r a te  in FA f ib r o b la s t s  fo llo w in g  c o c u lt iv a t io n  w ith  
Chinese hamster ovary (CHO) c e l l s .  A fter MMC s t r e s s in g ,  a 
s ig n i f i c a n t  red u ction  in  induced chromosomal damage was observed in  
the c o c u lt iv a te d  FA c e l l s ,  but a s ig n i f i c a n t  in crea se  in chromosomal 
a b erra tio n s  was found in the lHO c e l l s .  T his a n ta g o n is t ic  e f f e c t  i s  
p o s s ib ly  a t tr ib u ta b le  to  some d if tu s a b le  c la s to g e n ic  f a c t o r ( s ) . The 
authors proposed th at such a fa c to r  cou ld  d ecrea se  the ib erra tio n  
ra te  in  FA c e l l s  e ith e r  d ir e c t ly ,  by p r o te c tin g  them from primary 
damage, or in d ir e c t ly ,  by s tim u la tin g  th e ir  supporedly  d e fe c t iv e  DMA 
rep a ir  sy stem .
S in ce th e r e s u l t s  are c o n f l i c t i n g ,  the e f f e c t  o f  c o c u lt iv a te d  normal 
c e l l s  on FA c e l l s  should be con sid ered  an open q u e s tio n .
1 .8  DNA REPAIR PATHWAYS AND THE POSSIBLE DEFECT IN FANOONI'S
ANAEMIA
In normal c e l l s  most chromosome breakage i s  the r e s u lt  o f  
p o s t - r e p l ic a t iv e  e v en ts  and i s  rep a ired  by va r io u s DNA rep a ir  
mechanisms. I t  should however be noted th a t chromosome breakage may 
a ls o  be due to  d e fe c t iv e  de nov< i UNA s y n th e s is ,  a s  in  p ern ic io u s  
anaemia and v itam in  912 and f o la t e  d e f ic ie n c y .  (K iossog lou  e t  a l . ,  
1965: Heath, 1 9 6 6 ). S in ce th ere  i s  no ev id en ce th a t the d e fe c t  in
FA i s  one o f  DNA s y n th e s is  ( see  s e c t io n  1 .7 ) ,  th e d is c u s s io n  th a t  
fo llo w s  w i l l  c en tre  on DNA rep a ir  mechanisms.
P rokaryotic  and eu k a ryotic  c e l l s  are endowed w ith  many d if f e r e n t  
pathways fo r  the rep a ir  o f damaged ENA. C orrectiv e  p ro cesses  are  
a ls o  an in te g r a l p art o f normal ENA r e p l ic a t io n .  Chromosome and/or  
ctiromatid breaks and/or gaps seen  a t metaphase may be regarded as the  
end r e s u lt  o f an imbalance between chromosomal breakage e v en ts  ana 
rep a ir  p r o c e s se s . I t  should be emphasized th a t breaks in  the  
c o n t in u ity  o f  one ENA strand  occur not on ly  when DNA i s  su b jected  to  
abnormal c ia s to g e n ic  s t r e s s .  On the co n tra ry , breaks are thought to  
occur f a i r ly  o ften  in  the cou rse  o f normal ENA r e p l ic a t io n , but c e l l s  
have evo lved  very e f f e c t iv e  ' s e a l in g 1 mechanisms which ensure the  
in t e g r ity  o f  the INA.
Xeroderma pigmentosum (XP) i s  a rare genoderm atosis w ith  
h y p e r s e n s it iv ity  to  UV ir r a d ia t io n  and a projxw isity to  sk in  ca n cer . 
(See s e c t io n  1 .4 .4 )  In 1968, XP was found to  he a s so c ia te d  w ith  a 
d e fe c t  in the rep a ir  o f UV-induced damage (C leaver , 1968). T h is , the  
f i r s t  DNA rep a ir  d e fe c t  d isco v ered  in  man, has led  not o n ly  to  
co n s id era b le  a c t i v i t y  in th e in v e s t ig a t io n  of t h is  c o n d it io n , but has 
a ls o  s tim u la ted  in t e r e s t  in the a e t io lo g y  of a l l  the 1 chromosome 
breakage d is o r d e r s ' .
1 .8 .1  DNA rep a ir  pathways
Three major system s o f DNA rep a ir  c h a r a c te r iz e  eu k a ry o tic  c e l l s .
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These system s ( o r ig in a l ly  d isco v ered  and d efin ed  in  b a c te r ia )  d i f f e r  
in  th e ir  a c tio n  and im portance. Short d is c u s s io n s  o f  th ese  
meet .anism s fo llo w  s in c e ,  by im p lic a t io n , d e fe c t iv e  CNA rep a ir  i s  
probably a s so c ia te d  w ith  the p a th o g en esis  o f  a l l  or some o f  the  
d iso r d e rs  showing undue chromosomal f r a g i l i t y .
1 .8 .1 .1  P h o to rea c tiv a tio n
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Figure 1 .3  P h o to rea c tiv a tio n  (a f te r  Bertram, 1980)
Efizymatic p h o to r ea c tiv a tio n  (F ig . 1 .3 )  i s  s p e c i f i c  for th e rep a ir  o f  
UV-induced a b erra tio n s  (Bertram , 19 8 0 ). This system  i s  however, 
thought to  p lay  a t  the m ost, a very minor r o le  in  man ( C lea v er ,
197 8 ). P h o to rea c tiv a tio n  i s  man's s im p le s t  r ep a ir  pathway s in c e  i t  
r e l i e s  on o n ly  one enzyme and i t  does not req u ire  the p resence o f  a 
complementary, undamaged LNA stra n d . UNA p h oto lyase  b in ds to  
cyclob utane pyrim idine dim ers (P ig . 1 .3 ) ,  the p r in c ip a l le s io n s  
caused by UV r a d ia t io n , and monomerizes them in  the presence o f  
v i s ib l e  l i g h t ,  w ith out removing any UNA b ases (Cook and McGrath, 
1967; C lea v er , 1977; 197 8 ).
Sutherland e t  a l . (1975) noted th a t XP c e l l s  have s ig n i f i c a n t ly  l e s s  
than normal p h o to ly a se  a c t i v i f y .  S in ce  p h o to r ea c tiv a tio n  i s  thought 
to  p lay  o n ly  a minor r o le  in  th e  rep a ir  o f  UV-induced damage, 
compared to  th e r o le  o f  e x c is io n  r e p a ir , th e above-m entioned  
p h o to ly a se  d e f ic ie n c y  i s  probably not th e primary d e fe c t  in  XP 
c e l l s .  There appear to  be no comparable rep o rts  o f  a 
p h o to r ea c tiv a tio n  d e fe c t  in  FA c e l l s .
1 .8 .1 .2  P o s tr e p lic a t io n  rep a ir
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Figure 1 .4  P o s tr e p lic a t io n  rep a ir  ( a f t e r  Bartram, 1980)
I f  damaged ENA r e p l ic a t e s  b efo re  the a c t iv a t io n  o f DNA rep a ir  
mechanisms, the newly sy n th es iz ed  strand  o p p o site  the damaged DNA 
m olecule w i l l  co n ta in  gap s. Follow ing r e p l ic a t io n ,  th ese  gaps are  
f i i i e d by novo s y n th e s is  (Lehmann, 1 9 7 2 ). Hence p o s tr e p lic a t io n
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rep a ir  (F ig . 1 .4 )  may be d e fin ed  as th e  a b i l i t y  o f ,  for  exam ple, 
U V -irrad iated  c e l l s  ' t o  a ch iev e  the ev en tu a l s y n th e s is  o f  high  
m olecular w eight daughter stra n d s o f DNA d e s p ite  th e presence o f  
u nexcised  damage in  the tem plate s tr a n d s .'  (A r le t t  and Lehmann,
1978) .  However, s in c e  the damaged segment i s  not removed from the  
tem p la te , t h i s  type o f  rep a ir  i s  e rr o r -p r o n e , w ith  a consequent high  
m utation y i e l d .  [As th j  damaged segment of DNA i s  not removed by 
t h i s  mechanism the term ' r e p a ir ' i s  not a lto g e th e r  s a t i s f a c t o r y  for  
t h i s  system  (Park and C leaver , 1 9 7 9 ) .]  C a ffe in e  and th eo p h y llin e  
in h ib it  t h is  rep a ir  system  because th e se  purine analogu es are  
introduced in to  the gaps in th e s in g le -s tr a n d e d  DNA 'C leaver , 1 9 7 8 ).
Whereas FA c e l l s  have no d e te c ta b le  d e fe c t  in p o s tr e p lic a t io n  rep a ir  
(A r le t t  and Lehmann, 1978), one c la s s  o f  XP c e l l s ,  the 'XP v a r ia n t s ' ,  
are d e f ic ie n t  in  t h i s  system  (Lehmann e t _ a l . ,  1 9 7 5 ). These XP 
v a r ia n ts , a lth ough  showing th e  c la s s i c  XP stigm ata have normal or  
near normal s e n s i t i v i t y  to  UV l ig h t  and normal e x c is io n  rep a ir  
(C leaver and Bootsma, 1 9 7 5 ). (Set- s e c t io n  1 .6 .5 .3 )
1 .8 .1 .3  E xcision  rep air
The e x c is io n  rep a ir  system  (F ig s .  1 .5  to  1 .9 )  i s  the most important 
DNA rep a ir  mechanism o p era tin g  in  mammalian c e l l s .  T his system  i s  
based on many d if f e r e n t  enzymes which to g eth er  are a b le  to  remove 
d if f e r e n t  k inds o f  DNA damage (C lea v er , 19 7 8 ). E xcision  rep a ir  
in v o lv es  s e v e r a l se q u e n tia l s te p s  ( G ia n e l l i ,  1980; Bartram, 1980); 
i .  r eco g n it io n  o f the s i t e  o f DNA damage; 
i i .  d is to r t io n  o f the n u c le o p r o te in s ; 
i i i .  in c is io n  o f the damaged DNA stran d  by an endonuclease a t a 
s i t e  ad jacen t to  the e rro r ;  
i v .  removal o f the damaged strand  by an ex on u clease;  
v . s y n th e s is  o f a new DNA stra n d , to  rep la ce  the e x c ise d  damaged 
s e c t io n  o f DNA, by using the undamaged complementary stran d  as  
a tem plate; and 
v i .  l ig a t io n  c i  the newly polym erized p iece  o f  DNA to  the 
e x i s t in g ,  undamaged segm ents.
The t o l e s  o f  the major enzymes in vo lved  in th e above-m entioned s te p s  
are sch em a tic a lly  rep resen ted  in  F ig . 1 .5 .
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Figure 1 .5  Schematic rep resen ta tio n  o f the a c t io n s  o f  enzymes 
e s s e n t ia l  to  e x c is io n  rep a ir  pathways (a f te r  Watson,
1977).
E xcision  rep a ir  forms the b a s is  o f th e s o -c a l le d  n u c le o t id e , b a se , 
s in g le  s tr a n d # and HNA-DNA c r o s s - l in k  rep a ir  mechanisms.
1 . 8 . 1 . 3 . 1  N u cleo tid e  e x c is io n  rep a ir
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Figure 1 .6  N u c leo tid e  e x c is io n  rep a ir  ( a f t e r  Bartram, 1980)
T his rep a ir  mechanism (F ig .  1 .6 )  i s  in i t ia t e d  by e x c is io n  o f the  
danajeo ENA strand and req u ires  s i t e - s p e c i f i c  endon ucleases which 
id e n t ity  the le s io n s  and in c is e  th e DNA, so  a llow in g  subsequent 
e x c is io n  o f the le s io n s  and d egradation  and r e s y n th e s is  o f the  
damaged segm ents (F riedberg e t  a l . , 197 7 ). This system  i s  th e  
p r in c ip le  rep air  mechanism a c tin g  on dim ers or carcinogen-DNA adducts  
(A r le tt  and Lehmann, 1978; C lea v er , 1978).
Poon e t  a l . (1974) reported  th at th e  e x o n u c le o ly t ic  s te p  in e x c is io n  
rep a ir  o f UV-induced thymine photodim ers may be d e f ic ie n t  in  FA. 
However, no such d e f ic ie n c y  was p r e v io u s ly  noted by Regan e t  a l . 
(1 9 7 3 ). T his type o f  rep a ir  d e te c t  in FA i s  th er e fo re  q u e s tio n a b le .
At the m olecular le v e l  i t  i s  w e ll e s ta b lis h e d  th a t th e  c e l l s  cu ltu red  
from most XP p a t ie n ts  i . e .  rhose belonging  to  com plem entation groups 
A to  G, but not the 'XP v a r ia n t s ' , are p a r t ia l ly  or t o t a l l y  d e fe c t iv e  
in  the e x c is io n  o f UV-induced damage or damage produced by 
ca rc in ogen s such as  acty larn in ofluorene or benzo(a)pyrene d e r iv a t iv e s  
(Lehmann, 1981). At l e a s t  f i v e ,  and probably a l l  seven  o f the  
e x c is io n -d e te c t iv e  com plem entation groups, are  ch a ra cter ized  by an 
apparent d e te c t  in the f i r s t  s te p  o f  the e x c is io n  rep a ir  pathway,
i . e .  the reco g n itio n  o f the s i t e  o f  damage in  the ENA, fo llow ed  by 
th e n ick in g  o f the ENA by an endonuclease in  a p o s it io n  ad jacen t to  
the damaged region  ( I b id ) .  These f in d in g s  c le a r ly  in d ic a te  th a t the  
f i r s t  s te p  o f in c is io n  rep a ir  i s  probably h ig h ly  com plex, req u ir in g  
tlie  in te r a c tio n  o f  the products o f  m u ltip le  gene lo c i  for  i t s  
o p e r a t io n .
1 . 8 . 1 . 3 . 2  Base e x c is io n  rep a ir
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Figure 1 .7  Base e x c is io n  rep a ir  (a f ta r  Beurtram, 1980)
Base e x c v n o n  rep a ir  (F ig . 1 .7 )  i s  in i t ia t e d  by a fa m ily  o f enzymes 
known as  the N -g ly c o s id a ses  or g ly c r  ly la a e s . These enzymes remove 
damaged b ases by c lea v in g  the bond between the base and the  
d e o x y r ib o se , w ithout breaking the DNA strand  (W ist e t  a l . ,  1978; 
Kuhnlein e t  a l . ,  1 9 7 8 ). Su bseq uently , the b a se -fr e e  s i t e  i s  a ttack ed  
by s p e c i f i c  a p u r in ic /a p y r im id in ic  en d ou ncleases which in c is e  the UNA 
and a llo w  degradation  and r e s y n th e s is  to  take p lace  (L ava l, 1977; 
Friedberg e t  a l . ,  1977). Normal l e v e l s  o f  ap u rin ic  endonuclease  
a c t iv i t y  were found in FA c e l l  e x tr a c ts  (Teebor and Duker, 1975;
Moses and Beaudet, 1978). (See s e c t io n  1 .8 .2 .3 )
1 .8 .1 .3 .3  S in g le  stran d  rep a ir
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Figure 1 .8  S in g le  strand rep a ir  (a f te r  Bar tram, 1980)
S in g le  stran d  in ter r u p tio n s  are probably rep aired  by m o d ifica tio n  (or  
'c le a n in g ')  o f  the term ini surrounding th e breaks through the a c tio n  
o f  a s p e c ia l  e x o n u c le a se , fo llow ed  by p o lym erization  o f  a sm all p iece
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o f  new DNA/ and f in a l ly  l ig a t io n  (F ig . 1 .8 ) .  ( G ia n e l l i , 1980; 
Bartraun, 1 9 8 0 ). No rep o rts  o f  s in g le  strand rep a ir  in  FA c e l l s  are  
a v a i la b le .
H y p e r se n s it iv ity  to  io n iz in g  r a d ia tio n  su g g e sts  tlia t AT c e l l s  are  
d e fe c t iv e  in  the rep a ir  o f DNA damage produced s p e c i f i c a l l y  in  
response to  io n iz in g  r a d ia t io n , but not by UV r a d ia t io n . The ex a ct  
nature o f  th e  a s so c ia te d  m olecular d e fe c t  i s  y e t  to  he u n eq u ivoca lly  
e lu c id a te d  ( Lehmann, 1981; Natarajan and M eyers, 1979), but i s  
thought to  in v o lv e  d e fe c t iv e  s in g le  strand  rep a ir  ( Bertram, 1 9 8 0 ).
1 .8 .1 .3 .4  DNA-DNA c r o s s - l in k  rep air
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Figure 1 .9  DNA-DNA c r o s s - l in k  rep a ir  (a f te r  Bertram, 1980)
A number o f c la s to g e n ic  a g en ts  (e g . b i -  and p o ly fu n c tio n a l a lk y la tin g  
a g e n ts ; v ar iou s p so ra len s in  th e presence o f near UV l ig h t  and 
io n iz in g  r a d ia tio n )  may damage both stran d s o f  the DNA m olecule in
c lo s e ly  opposed r e g io n s . T his damage r e s u l t s  in e ith e r  double stran d  
breakage or the form ation o f abnorm ally stron g  bonds between th e two 
complementary stra n d s o f  DNA (G ia n e lli#  1 9 8 0 ). These in ter stra n d  
c r o s s - l in k s  (F ig . 1 .9 )  are b a s ic a l ly  due to  the fa c t  th a t  
d ifu n c t io n a l a lk y la t in g  a g tn ts  tor exam ple, have two r e a c t iv e  s i t e s  
which form 'b r ick ies1 between the o p p o site  UNA s tr a n d s . (See s e c t io n  
1 .6 .2 .1 )  U nlike s in g le  stranded damage, in ter stra n d  c r o s s - l in k s  in  a 
s in g le  DNA duplex p resen t an immediate b a rr ier  to  normal r e p l ic a t io n .
FA c e l l s  are p a r t ic u la r ly  s e n s i t iv e  to  th e c la s to g e n ic  e f f e c t s  o f  
c r o s s - l in k in g  a g e n ts . (See s e c t io n  1 .6 .2 .1 )  T his p o in ts  to  a 
s p e c i f i c  d e fe c t  in ttie a b i l i t y  o f  th ese  c e l l s  to  remove such 
l e s i o n s .  An in -d ep th  e x p lo r a tio n  o f mammalian c r o s s - l in k  rep a ir  
mechanisms i s  thus n ecessa ry  fo r  the e lu c id a t io n  o f the a e t io lo g y  o f
riu
In terstran d  c r o s s - l i t k s  and monoadducts ( i . e .  s in g le  b a se /n u c le o tid e  
m o d ific a tio n s) are produced in b a c te r ia l CNA by exposure to  psora len  
p lu s l i g h t ,  MMC, n itro g en  mustard and sulphur mustard (Fujiwara e £  
a l . ,  1 9 7 7 ). The c r o s s - l in k  rep a ir  mecnanism in E .c o l i  i s  b e lie v e d  to  
be a tw o -step  p rocess (Q ole , 1973? Howard-Flanders and L in, 1973? 
Cole e t  a l . ,  1976 ).
Mammalian c e l l s ,  l ik e  b a c te r ia l  c e l l s ,  probably a ls o  p o sse ss  a 
tw o-step  mechanism tor  the repair  o f UNA-DNA c r o s s - l in k s .  (F ig . 1 .9 )  
C ross-lin k ed  eu k a ry o tic  DNA i s  i n i t i a l l y  su b jected  to  
'h a l f - e x c i s io n ' ,  or 'one-arm unhooking', fo llow ed  by n u c leo tid e  
e x c is io n  rep a ir  o f h a lt -e x c is e d  mono-add u cts  (Reid and Walker, 1969; 
Fujiwara and Tatsum i, 1975? Fujiwara e t  a l . ,  1 9 7 7 ). Fujiwara e t  a l . 
(1977) d escr ib ed  'h a l f - e x c i s io n '  a s  being ' the double n ick  or tandem 
s in g le -s tr a n d  break in  th e same strand , one from each s id e  o f the  
c r o s s - l in k '  (F ig . 1 .9 ) .  In normal human c e l l s  th e f i r s t  unhooking 
s te p  i s  r e la t iv e l y  rap id  ( h a l t - l i f e ,  2 h o u rs), w h ile  subsequent 
e x c is io n  rep a ir  i s  slow  ( h a l f - l i f e ,  14 to  18 hours) (Fujiwara e t  a l . ,  
1977? Kano and Fujiw ara, 1981).
N u c le o tid e , base and s in g le  strand  rep a ir  are e r r o r - fr e e  s in c e  the  
undamaged complementary DNA strand  i s  used a s  a tem plate for  rep a ir  
s y n th e s is  (W itk in , 19 6 9 ). By co n trast#  DNA c r o s s - l in k  rep a ir  may be 
error-p ron e i f  complementary b ases  ( i . e .  o p p o s ite )  ra th er  ttv.n 
ad jacen t b a ses  are  in te r c a la te d  ( Bartram, 1980).
Although c r o s s - l in k  rep a ir  in b a c te r ia  i s  a s so c ia te d  w ith the uvr 
system  o f  rep a ir  o f  UV-induced [MA damage (C o le , 1973)# t h is  does not 
appear to  be the s i tu a t io n  in  human ce l.1 s .  T his co n c lu sio n  i s  
p rim a rily  based on th e fo llo w in g  f in d in g s :
i .  u v r " -lik e  XP c e l l s  ( i . e .  c e l l s  unable to  e x c is e  pyrim idine
dim ers) remove r;-X>induced c r o s s - l in k s  by the same k in e t ic s  a s  
normal c e l l s  (Fujiwara e t  a l .# 1977); and
i i .  FA c e l l s  s t r a in s  are h y p e r se n s it iv e  to  c r o s s - l in k in g  a g e n ts # 
but appear noimal in  both UV su r v iv a l and UV e x c is io n  rep a ir  
( l o i d ) .
The above-'ien tioned  ev id ence s tr o n g ly  im p lie s  th a t th e c r o s s - l in k  
rep a ir  pathway in  mammalian c e l l s  probably d i f f e r s  from the  
uvr-dependent c r o s s - l in k  rep a ir  pathway in  b a c te r ia l c e l l s .  
Furthermore # th ese  f in d in g s  su g g est th a t FA c e l l s  may be d e f ic ie n t  in  
a pathway s p e c i f i c  for  th e rep a ir  o f  DNA c r o s s - l in k s ,,  w h ile  being  
p r o f ic ie n t  in a l l  o th er  rep a ir  mechanisms.
Fujiwara e t  a l . (1977) found th ree  FA c e l l - l i n e s  to  have 2 - to  8 - fo ld  
red u ctio n s in c r o s s - l in k  removal r a te s  when compared w ith  normal and 
XP c e l l s .  These r e s u lt s  in d ic a te  th a t d i f f e r e n t  s t r a in s  are not 
uniform ly d e f ic ie n t  in DNA c r o s s - l in k  r e p a ir . Furthermore# some FA 
s tr a in s  appear to  have normal c r o s s - l in k  rep a ir  mechanisms; Kaye e t  
a l .  (1980) noted a normal removal o f  B-m ethoxypsoralen p lu s  
l ig h t- in d u c e d  c r o s s - l in k s  in normal# XP v a r ia n t and FA f ib r o b la s ts#  
but XP group A c e l l s  were d e f e c t iv e .  I t  fo llo w s  th a t th ere i s  
h etero g en e ity  in  FA# as  w e ll a s  in  XP# s in c e  not a l l  FA c e l l s  e x h ib it  
a g e n e ra lize d  d e fe c t  in  c r o s s - l in k  removal and d if f e r e n t  l e v e l s  o f  
d e f ic ie n c y  are e v id e n t . However# th e la t t e r  au th ors' f in d in g s  have 
not a s  y e t been confirm ed for  o th er  c la s to g e n ic  a g e n ts .
FA c e l l  s t r a in s  e x h ib it in g  im paired c r o ss - lin K  rep a ir  appear to  be 
d e te c t iv e  in th e f i r s t  h a lt - e x c is io n  s te p  o£ c r o s s - l in k  removal ( i . e .  
in unhooking o f c r o s s - l in k s )  and not in  the subsequent 
m ono-adduct-exci s io n  rep a ir  s te p  (Fujiwara and Tatsum i, 1975:
Fujiwara e t  a l . ,  1977: S a sa k i, 1977, 1979; Kano and Fugiwara,
1 9 8 1 ). The reverse  s i tu a t io n  i s  ev id en t in XP group A c e l l s  
( Fujiwara e t  a l . ,  1977 ; Kano and Fu]iw ara, 1 9 8 1 ). I t  i s  thus a t  
p resen t g e n e r a lly  accepted  th a t the s p e c i f i c  d e te c t  in  FA i s  a 
reduced a b i l i t y  for unhooking c r o s s - l in k s  between complementary ENA 
stra n d s (F ig . 1 .9 ) ,  w h ile  the o her rep a ir  pathways appear to  oe 
fu n ctio n in g  ad eq u ate ly .
In c o n tr a s t  to  the above-m entioned f in d in g s , Shafer (1977) has 
proposed th a t FA i s  c h a ra cter ized  by a d e fe c t  in the SCE mechanism 
rath er  than by a rep a ir  d e t e c t .  Shater and Falek (s e e  S h a fer , 1977) 
noted th at SCEs are freq u en tly  lo ca ted  a t  the juncture between 
r e p lic a t io n  segm ents. Furtherm oie, c r o s s - l in k s  are known to  
in te r fe r e  w ith  r e p l ic a t io n .  C onsequently, Shater (1977) p o stu la ted  
th a t SCEs . v rep resen t a c e l lu la r  mechanism for  rep a ir in g  or 
bypassing c r o s s - l in k s .  T his proposed bypass mechanism a llo w s  
r e p lic a t io n  to  con tin u e passed a c r o s s - l in k ,  but le a v e s  the 
c r o s s - l in k  in t a c t .  T h erefore , t h is  SCE mechanism cannot oe 
con sid ered  a true rep a ir  p r o c e ss . The model fu rth er  s p e c i f i e s  
in tercltanging o f paren ta l stra n d s a t  the s i t e  o f the c r o s s - l in k ,  so  
producing an exchange between s i s t e r  chrom atid s. S h a fe r 's  
r e p lic a t io n  bypass mechanism thus p r e d ic ts  th a t in normal c e l l s ,  any 
DMA c r o s s - l in k  always produces an SCE and th a t the c r o s s - l in k  
p e r s is t s  in one o f the r e p lic a te d  segm ents.
Shater (1977) p o stu la ted  th a t the observed chrom atid a b erra tio n s  in  
FA may be r e p r e se n ta tiv e  o f a d e te c t  in the second s te p  o f the  
r e p lic a t io n  bypass mechanism i . e .  in th e l ig a t io n  or r e jo in in g  o f  
d isp la ce d  p aren ta l segm ents. T his h yp oth esis  could  account for  th e  
fin d in g  th a t most FA c a se s  do not e x h ib it  an in crea se  in the number 
o f  SCEs in response to  the a lk y la t in g  agent MLMC, fo r  exam ple. (See  
" a ction  1 .6 .3 .2 )  However, i t  should be poin ted  ou t th a t the  
s e le c t io n  e f f e c t  due to  the contin uous exposure o f cu ltu red  FA c e l l s  
to  c r o s s - l in k in g  a g en ts  may s e r io u s ly  a f f e c t  th e observed SCE
frequency.
Although S h a fe r 's  model i s  t h e o r e t ic a l ly  p la u s ib le , both S tek ta  
(1979) and Kano and Fujiwara (1982) noted th a t ex p er im en ta lly , not 
a l l  th e p r e d ic a tio n s  o f t h is  model are adeq u ately  f u l f i l l e d .  Kano 
and Fujiwara (1982) proposed th ree  fu rth er  th e o r e t ic a l  models which 
p o s tu la te  an a s s o c ia t io n  between th e in d u ction  o f SCEs and ENA 
c r o s s - l in k s .  These te n ta t iv e  m odels are y e t to  be p r a c t ic a l ly  
in v e s t ig a te d  and thus sp e cu la tio n  a s  to  th e ir  v a l id i t y  i s  not 
p o s s ib le .
1 .8 .2  Enzymologic a l s tu d ie s
DNA rep a ir  (s e e  s e c t io n  1 .8 .1 )  i s  a com plex, m u ltis te p  
enzyme-mediated p r o c e s s ; impairment may th ere fo re  be expected  to  
occur a t any s te p . D e fe c tiv e  rep a ir  could  r e s u lt  e ith e r  from 
in te r fe r e n c e  w ith  the sy n th e s is  o f  gene products req u ired  for r e p a ir ,  
or from decreased  a c c e ss  o f  the required  enzymes to  the s i t e  o f 
damage, or a com bination o f b oth . The enzymes a s so c ia te d  w ith the  
proposed ENA r e p a ir /r e p lic a t io n  d e f e c t ( s )  in  FA are y e t  to  be 
c o n c lu s iv e ly  e lu c id a te d . However, a l t e r a t io n s  in  l e v e l s  o f se v e r a l  
enzymes in vo lved  in  DNA r e p lic a t io n  and rep a ir  have been rep orted .
1 .8 .2 .1  Exonuclease
Poon e t  a l . (1974) dem onstrated th a t FA c e l l s  p o sse ss  most o f the  
fu n c tio n s  required  tor  the rep a ir  o f UV-induced damage. In response  
to  pyrim idine dimer in d u c tio n , FA f ib r o b la s t s  were a b le  to  produce 
s in g le  strand s c is s io n  and polym erize n u c le o tid e s  in to  a new 
complementary strand to  rep lace  the damaged p ortion  o f the DNA 
m o lecu le . However, a s  d iscu ssed  in s e c t io n  1 .8 .1 .3 .1 ,  th e authors  
noted a d e f ic ie n c y  in  an exon u clease  fu n ctio n  (F ig . 1 .5 )  which 
removes the damaged strand  o f DNA.
In c o n tr a st to  the o b serv a tio n s  o f  Poon et. a l . (1 9 7 4 ), Regan e t  a l .
(1973) found th a t FA c e l l s  can e x c is e  UV-induced pyrim idine dim ers in  
a normal fa sh io n . (See s e c t io n  1 .8 .1 .3 .1 )  The reason fo r  t h is
d iscrep a  y i s  Lin known, but may r e la t e  to  th e use o f lower d o ses  o f  
UV ir r a d ia t io n  by t  la t t e r  w orkers, or a l t e r n a t iv e ly ,  to  the fa c t  
th a t d if f e r e n t  FA c e l l - l i n e s  were s tu d ie d . [Poon e t  a l . (1974) noted  
th a t a dose of a t  le a s t  150 er^s/mmZ i s  required  to  dem onstrate an 
e x o n u c le o ly t ic  d if fe r e n c e  between normal and FA c e l l s . ]
1 .8 .2 .2  L iqase
DMA l ig a s e  i s  an e s s e n t ia l  enzyme fo r  a l l  typ es o f  DNA rep a ir  and i s  
a ls o  required  for normal DNA r e p lic a t io n  (Okazaki e t  a l . ,  197 3 ). 
L igase i s  needed to  jo in  the r e p l ic a t iv e  in term ed ia tes  and 
replacem ent segm ents to  the continuous DNA strand (G efter , 1975).
The primary e f f e c t  o f a DNA l ig a s e  d e f ic ie n c y  i s  the accum ulation o f  
s in g le  strand  breaks in the DNA.
Normal l ig a s e  fu n ctio n  was p o stu la ted  by th e ca p a c ity  o f FA c e l l s  to  
r e jo in  ra d ia tio n -in d u ced  DNA strand breaks (P ed rin i e t  a l . ,  1971;
Foon e t  a l . ,  1974: Sheridan and Huang, 1 9 7 7 ). However,
Hirach-Kauffmann e t  a l . (1970) found FA c e l l s  to  be d e f ic ie n t  in DNA 
l ig a s e  a c t i v i t y ,  whereas e n d o n u c leo ly tic  in c is io n  o f  DNA, rep a ir  DNA 
s y n th e s is  and e x o n u c le o ly t ic  removal o f  th e ir r a d ia t io n  products were 
norm al. The la t t e r  stud y  shoved DNA l ig a s e  a c t iv i t y  to  be .educed in  
both the PA homozygous (ja tien t and ttie h eterozygote  mother o f th is  
p a t ie n t .  The authors p o in ted  out th a t a DNA l ig a s e  d e f ic ie n c y  could  
r e s u lt  in a low c e l l  propagation r a te  and a prolonged c e l l  c y c le  due 
to  the d elayed  jo in in g  o f r e p l ic a t iv e  in ter m e d ia te s . In t h i s  
r e s p e c t , i t  snould be rememlwred th a t FA c e l l s  are o ften  
c h a ra cter ized  by a ^oor m ito t ic  index and a longer than normal c e l l  
c y c le ,  ( s e e  s e c t io n  1 .7 .1 )
1 .8 .2 .3  Kndon u c lea se
S in ce  a lk y la t in g  a g en ts  and gam m a-radiation are capable of producing 
a p u r in ic /a p y r im id .n ic  s i t e s  in DNA, an a p u r in ic /a p y r iin id in ic  
endonuclease d e te c t  i s  p o s s ib le  in  FA (Moses and Qeaudet, 1 9 7 8 ). 
R e su lts  o f  s tu d ie s  by Teebor and Duxer (1975) in d ic a te  th at th ere  are
a t  l e a s t  two p u ta tiv e  human rep a ir  endonuclease a c t i v i t i e s  -  one 
d ir e c te d  a g a in s t UV-induced damage and the o th er  a g a in s t  ap u rin ic  
s i t e s .  Endonucleases which in c is e  dou b le-stran d ed  LNA a t  ap u rin ic  
s i t e s  have been p u r if ie d  from a l l  human c e l l - l i n e s  te s te d  (Teebor and 
Duker, 1975).
Normal l e v e l s  o f a p u rin ic  endonuclease a c t iv i t y  were found in 
e x tr a c ts  o f  c e i l - l i n e s  d er ived  from p a t ie n ts  w ith  FA# AT, XP 
(com plem entation group D ) , Cockayne dwarfism , BS and p rogeria  (Teebor 
and Duker, 1975; Moses and Beaudet, 197B). Moses and Beaudet (1978) 
have po in ted  out th a t fa i lu r e  to  dem onstrate an e n d o n u c leo ly tic  
d e fe c t  does not exclu d e the p o s s ib i l i t y  th a t m u ltip le  ap u rin ic  
endonucleases may tie p resen t (a s i s  the c a se  in E. c o l i ) and th a t the  
experim ental p ro to co l used was unable to  d e te c t  a s in g le  a p u rin ic  
endonuclease d e f ic ie n c y  in  FA.
1 .8 .2 .4  UNA polym erases
A number o f in v e s t ig a t io n s  have revea led  no s ig n i f ic a n t  a l t e r a t io n s  
in the l e v e l s  o f DNA polym erase al[)ha , beta  and gamma in FA c e l l s  
(P ed rin i e t a l . ,  1971; Parker and Lieberman, 1977; B ertazzoni e t  
a l . ,  1978; Moses and Beaudet, 1978 ). I t  i s  however, p o s s ib le  th a t  
q u a l i t a t iv e , ra th er  than q u a n t it a t iv e , p r o p e r tie s  o f  the DNA 
polym erases may he a lte r e d  in the a f f e c te d  c e l l s  (B ertazzon i e t  a l . ,
197 8 ).
The a c t iv i t y  o f th e chromatin-hound enzyme p o ly  ( A D P-iibvse) 
polym erase i s  mark d ly  s tim u la ted  by DNA strand  breaks (r e fe r  to  
Berger e t  a l . ,  1982). T his enzyme req u ires  the su b str a te  NADf for  
the sy n th e s is  o f  p o ly  ( A D P -n o o se ), which i s  a s so c ia te d  w ith  the 
rep a ir  o f DNA damage ( I b id ) .  Berger e t  a l . \ 1982) dem onstrated th a t  
th  f ib r o b la s t s  have lo w r  mean NAD+ le v e l s  than c e l l s  from normal 
in d iv id u a ls . I t  tias not been determ ined whether th e d ecreased  NAD+ 
p o o ls  in th ese  p a t ie n ts  are  the r e s u lt  o f underproduction or 
o v e r - u t i l i z a t io n .  N e v er th e le ss , i t  fo llo w s  th a t th e low NAD+ le v e l  
in  c e l l s  from some FA homozygotes may co n tr ib u te  to  th e ir  decreased  
a b i l i t y  to  recover from DNA damage.
83
N icotinam ide analogu es th at in te r fe r e  w ith  NAD+ sy n th e s is  have been 
reported  to  prevent normal d if f e r e n t ia t io n  and r e s u lt  in co n g e n ita l  
anom alies in  d evelop in g  embryos (Capian, 1 9 7 2 ). Some o f the  
c o n g e n ita l anom alies a s so c ia te d  w ith FA may th ere fo re  p o s s ib ly  oe due 
to  such in te r fe r e n c e .
1. 2 .5  lo p o i somerase
Topoisom erases p r im a rily  c a ta ly z e  r e la x a tio n  o f  su p erco iled  ENA 
" n lec u le s  -  a fu n ctio n  p er ta in in g  to  both DNA r e p lic a t io n  and rep a ir  
(review ed in Champcux, 1978 and ttauer, 1978: flat tern  and P a in te r ,
1979 .
The in t r a c e l lu la r  d is tr ib u t io n  o f enzymes u su a lly  corresponds to  
th e ir  s i t e  o f a c t io n .  Topoisom erases are ty p ic a l  nu clear enzymes 
which are sy n th es ized  in the cytoplasm  and consequently need to  pass 
through the .k  c lea r  membrane in order to  reach the in tra -n u c lea r  
chrom atin , th e ir  main s u b s tr a te . Wunder e t a l . (1981) assayed the  
d is tr ib u t io n  o f  top oisom erases in normal and FA p la c e n ta l c e l l s  and, 
a s exp ected , found topoisom erase to  be alm ost e x c lu s iv e ly  con fin ed  to  
tfie n u c le i o f normal p la c e n ta l c e l l s .  However, the cy top lasm ic  
fr a c t io n  o f th ree FA -placentae showed markedly in creased  le v e l s  o f  
top oisom erase, whereas the nu clear  sap e x tr a c ts  showed decreased  
topoisom eruae l e v e l s  comp*red w ith normal p la c e n ta e , o th er  rep a ir  
enzymes such as  LNA poiym erase-a lp h a , DNA p o lym erase-b eta , -?nd 
exon u clea ses  a c tin g  on s in g le  and double stranded cna were s im ila r ly  
d is tr ib u te d  in  the FA and co n tro l p la c e n ta l c e l l s  ( I b id ) .  Due to  the  
a lte r e d  d is tr ib u t io n  o f UNA topoisom erase in  fA su b c e llu la r  
fr a c t io n s , the authors concluded th a t the passage o f the enzyme 
through the nu clear membrane i s  probably d e f e c t iv e ,  causing i t s  
accum ulation in  the cytop lasm , where i t  i s  sy n th e s iz e d .
A fu rth er  stud y by Wunder (1984) showed enzyme a c t iv i t y  in the 
cytop lasm ic  fr a c t io n s  o f  FA f ib r o b la s t  c u ltu r e s , but not in  the 
normal c o n tr o ls .  H w ever, in  s p ic e  o f  the in creased  cytop lasm ic  
a c t iv i t y  found in  the FA c e l l  c u ltu r e s  in v e s t ig a te d , most < f the
enzyme a c t i v i t y  was s t i l l  located  in s id e  the n u c le u s . Auer e t  a l . 
(1982) a ls o  found most enzyme a c t iv i t y  in the nu clear fr a c tio n  (about 
88%)/ but in th e ir  experim ents the cy top lasm ic  a c t i v i t y  varied  
between 0% and 12%, in both FA and normal f ib r o b la s t s .
Whether the increased  cytop lasm ic DNA-topoisomerase I a c t iv i t y  in FA 
c e l l  f r a c t io n s  o r ig in a te s  during lab oratory  preparation  or r e f l e c t s  
the s i tu a t io n  in l iv in g  c e l l s ,  i s  unknown a t  p resen t (Wunoer, 1984). 
However, th e observed topo isomet a se  d is tr ib u t io n  anomaly in  FA c e l l s  
could  be the r e s u lt  o f  a s tr u c tu r a l d e fe c t  in the enzyme i t s e l f ,  
which impedes i t s  passage through the nu clear  membrane, but does not 
a f f e c t  i t s  c a t a ly t ic  a c t iv i t y  a t the s i t e  o f  a c t io n . A mutation  
lead in g  to  a com plete d e f ic ie n c y  in topoisom erase a c tv i ty  would be 
l e t h a l , whereas a reduced nuclear le v e l  o f  topoisom erase a c t iv i t y  
might ne adequate to  enab le  most c e l l s  to  su r v iv e  under normal, 
non—s tr e s se d  c o n d it io n s . The abnormal d is t r ib u t io n  o f topoisom erase 
in FA c e l l s  may a l t e r n a t iv e ly  ne caused by a d e fe c t  in the nuclear  
membrane, which s e l e c t iv e ly  in te r fe r e s  w ith  the passage o f t h is  and 
perhaps oth er enzymes. C onceivably, FA may be ch a ra cter ized  by a 
d e fe c t iv e  membra ne-bo und p rote in  which f a c i l i t a t e s  the passage of 
topoisom erase and/or o th er  enzymes in to  th e n u c leu s .
The above fin d in g s  and co n c lu s io n s  are o f g r ea t in t e r e s t  and in d ica te  
th a t fu rth er  experim ents on FA rep a ir  enzymes should include  
in v e s t ig a t io n s  o f s u b -c e llu la r  d is tr ib u t io n s  as w e ll as enzyme 
a c t i v i t y  ir  the to ta l  c e l l  e x tr a c t ,  because the la t t e r  a lone may net 
be a true r e f le c t io n  o f the c a t a ly t ic  a v a i la b i l i t y  o f  an enzyme.
] . 8 . 2 . 6  Hexokinase and ATPase
Lohr e t  a l . (1965) dem onstrated a d e te c t  in hexok in ase, the ra te  
l im it in g  g ly c o ly t ic  enzyme in red blood c e l l s .  In four FA p a t ie n ts ,  
the enzyme was found to  be a lte r e d  in i t s  b io p h y s ic a l p ro p er tie s  and 
a c t i v i t y .  Ttiese a l t e r a t io n s  r e su lted  in a low ering o f the c e l lu la r  
ATP l e v e l . The f i f t h  p a tien t in v e s t ig a te d  by th ese  workers showed 
normal carbohydrate met ib o lism . However, no fu rth er  ca se s  o f 
hexokinase d e f ic ie n c y  have been recorded s in c e  the la t t e r  rep ort and
normal hexokinase le v e l s  have been found in a t  le a s t  twenty c a se s  o f  
FA (Beard, 1976).
Qmyrek e t  a l . (1968) d escr ib ed  a ca se  o f  FA in which an in crea se  in  
ATPase a c t iv i t y  was noted . The consequence o f such an anomaly, l ik e  
hexokinase d e f ic ie n c y , i s  a d ecrease  in the le v e l  o f  ATP. Schroeder 
(1966a) reported  th a t c e l l s  w ith  d im in ished  ATP a c t iv i t y  have fewer 
reunion f ig u r e s  than th ose w ith  normal ATP a c t iv i t y .  This fin d in g  
su b s ta n t ia te s  th a t o f  W olff (I960) who noted th a t ATP i s  n ecessary  
fo r  the fu n ctio n in g  o f  the 'chromosomal reunion mechanism' in  normal 
c e l l s .  I t  should however, be remembered th a t FA i s  g e n e r a lly  
a sso c ia te d  w ith an increased  number o f rearrangem ents, in d ic a tin g  a 
normal ‘chromosomal reunion mechanism' and thus presumably normal ATP 
l e v e l s .
As ju s t  d is c u s se d , low c e l lu la r  ATP le v e l s  may be the r e s u lt  o f  a 
hexokinase d e f ic ie n c y  or an in crea se  in ATPase a c t iv i t y .  
A lte r n a t iv e ly , low adenine l e v e l s  would a ls o  lead  to  low ATP x e v e ls .  
In t h is  r e s p e c t , i t  i s  of in te r e s t  th a t the su rv iv a l o f  FA 
f ib r o b la s t s  tr ea ted  w ith MMC, an agent known to  he un u su ally  to x ic  to  
FA c e l l s  (s e e  s e c t io n  1 .6 .2 .1 .3 )  s ig n i f i c a n t ly  in creased  when adenine  
was added (F r a z e lle  e t  a l . ,  1981). T his purine base d id  not enhance 
the su r v iv a l o f  MMC-treated c o n tr o l c e l l s .  I t  fo llo w s  from th ese  
o b serv a tio n s  th at adenine can he u t i l i z e d  by FA c e l l s  to  p a r t ia l ly  
overcome th e g e n e t ic  d e fe c t  which makes such c e l l s  h y p er sen s it iv e  to  
the a c tio n  o f MMC. This fin d in g  in oom p itib le  w ith  the proposal th a t  
FA c e l l s  may be d e fe c t iv e  in DDA r ep a ir  (s e e  s e c t io n  1 .8 .1 ) ,  s in c e  
purine n u c le o tid e s  are su b s tr a te s  and energy sou rces (e g . ATP) a t  a 
number o f  s te p s  in the rep a ir  p r o c ess . On the o th er  hand, t h is  
p o stu la ted  CNA rep a ir  d e fe c t  could w e ll ho exp la in ed  by an a lte r a t io n  
in  another b iochem ical pathway.
1 .8 .2 .7  Superoxide d ism utase and c a ta la s e
In a d d itio n  to  the p o stu la ted  d e fe c t  in the DNA c r o s s - l in k  rep a ir  
mechanism in  FA, i t  has a ls o  been su g g ested  th a t the co n d itio n  may be 
a sso c ia te d  w ith a d e f ic ie n c y  in superoxide dism utase (Raj and Meddle,
1980).
Enzymatic p ro cesses  in b io lo g ic a l  sy stem s, e s p e c ia l ly  o x id a t io n  -  
red u ction  r e a c t io n s , in v o lv e  the production o f tr e e  r a d ic a ls  i . e .  
chem ical compounds w ith an edd number ot e le c tr o n s ,  which are h ig h ly  
r e a c t iv e  and u n stab le  (P ryor, 1970). L iving organism s have th er e fo re  
evolved  d if f e r e n t  system s 1 ra d ica l 'sca v e n g in g '.
Oxygen m etab o liz in g  c e l l s  g* e i u t * the superoxide tr e e  r a d ica l 
0-, and hydroxyl r a d ic a ls .  These r a d ic a ls  could co n ce iv a b ly  a c t  as  
con tin ou s chromosome damaging a g e n ts , to  which a l l  a erob ic  c e l l s
would be exp osed . The enzyme suixiroxide d ism utase (SOD) i s  th ere fo re
e s s e n t ia l  tor  the su v iv a l o t a erob ic  c e l l s  -  SOD a c ts  a s  a scavenger  
o f  the superoxide r a d ic a l ,  c a ta ly z in g  the rea c tio n  :
0~ ♦ 0~ ♦ 2H~ -* H202 + 02 ( F r id o v ich , 1975).
From the above r e a c t io n , i t  i s  c le a r  th a t any process gen era tin g  free  
0~ r a d ic a ls  w i l l  by v ir tu e  o t the spontaneous dism utase  
r e a c t io n , a ls o  be gen era tin g  hydrogen peroxide (l^C^) . The 
superoxide ra d ica l can a ls o  rea c t w ith  hydrogen peroxide to  produce 
the h ig h ly  r e a c t iv e  hydroxyl ra d ica l i . e . :
0~ + H202 -* OH- * OH-+ 0 (Haner and W eiss, 1934).
S in ce  the hydroxyl ra d ic a l i s  an e x tr a o r d in a r ily  powerful o x id a n t, 
the Haber and Weiss r ea c tio n  could  v a s t ly  am plify  tlie p o te n t ia l  
dangers o f 02 . In a erob ic  c e l l s ,  to  cou n teract t h is  e f f e c t ,  
hydrogen peroxide i s  decomposed by the enzyme c a ta la s e  to  oxygen and 
water i . e .  211^0, -» 2H20 + 0,, ( .rdenson, 1977). Thus, the
combined a c t io n s  o f a n tio x y g en ic  enzymes such as 30D and c a ta la s e  
m aintain the very low stea d y  s ta te  co n cen tra tio n s  o f 02 and H202 , 
th ere fo re  m inim izing the Haber and W eiss rea c tio n  and making aerob ic  
l i f e  p o s s ib le .
The la s t  s te p  o t the c e l lu la r  a n tio x y g en ic  d efen ce  system  presumedly 
c o n s is t s  o f  DNA rep a ir  mechanisms which would remove damage due to  
0~ and oh r a d ic a ls  which have s lip p ed  through the above 'd efence  
sy stem ' .
The enzymes SOD and c a t a l i s e  were shown to  d ecrease  the frequency o f  
chromosomal a b erra tio n s  in normal human lymtjhocytes exposed to  
io n iz in q  ra d ia tio n  in v i t r o  (NorcJenson e t  a l 197b) .  (The c h ie f  
r a d ic a ls  produced in th e r a d io ly s is  o f  water are  hydrogen atoms and 
hydroxyl r a d ic a ls .  Thus i t  ma> be exp ected  th a t the number o f  
ra d ia tio n  induced chromosomal a b erra tio n s  would be reduced a f t e r  the  
a d d itio n  o f 900 and c a ta la s e  to  the c e l l  c u l t u r e s . )
A ddition  o f SOD to  normal c e l l  c u ltu r e s  tr e a ted  w ith  co n cen tra tes  o f  
the Bloom syndrome breakage fa c to r  (se e  s e c t io n  1 .7 .3 )  a ls o  prevented  
chromosomal breakage ( B r e n t  and C e r u t t i , 1981). FA lym phocytes 
cu ltu red  in  the presence o f SOD and c a t a la s e , se p a r a te ly  and 
combined, showed a s ig n i f i c a n t  d ecrease  in the frequency o f  
spontaneous gaps and breaks (Nordenson, 1977). With re sp e c t to  
chromatid a b e r ra tio n s , the e f f e c t s  o f c a ta la s e  and the com bination of  
enzymes ware g r ea ter  than the e f f e c t  o f SOD a lo n e . Only the  
com bination o f SOD and c a ta la s e  caused a s ig n i f i c a n t  d ecrease  in  
chromosomal a b e r ra t io n s .
C ystein e  r e a d ily  r e a c ts  w ith  fr e e  r a d ic a ls  and th ere fo re  has a 
r a d io p r o te c tiv e  e f f e c t .  The a d d itio n  o f  t h is  amino a c id  was found to  
s ig n i f i c a n t ly  d im in ish  the number o f chromosomal breaks in  FA 
lym phocytes. The e f f e c t  o f c y s te in e  was e q u iv a len t to  th a t o f  SOD 
(Nordenson, 1977).
Joenje er a l . (1970) noted a s ig n i f ic a n t  red u ction  in SOD a c t iv i t y  in  
2 FA p a t ie n ts .  This fin d in g  len d s support to  the proposal th at FA 
might tie c h a ra cter ized  by decreased l e v e l s  o f c e l lu la r  SOD. U nlike  
normal lym phocytes, the ra te  o f  chrortosomal a b erra tio n s  in  cu ltu red  
FA lym phocytes i s  p o s i t iv e ly  r e la te d  to  02 ten s io n  (Joen je  e t  a l . ,  
1981; Joen je and O oatra, 19 8 3 ). In normal c e l l s ,  the a n tio x y g en ic  
d efen ce mechanism i s  capable o f coping w ith  m ild ly  hyperoxic  
c o n d it io n s , whereas in  FA c e l l s ,  t h is  mechanism seems to  fa il, even  
under normal c u ltu re  c o n d it io n s . Joenje e t  a l . (1981) su ggested  th a t  
t h is  fin d in g  may have c l i n i c a l  re lev a n ce; the p o s s ib i l i t y  e x i s t s  
th a t some FA symptoms could be r e lie v e d  by treatm ent w ith  d ie ta r y  
a n t io x id a n ts .
D a lla p icc o la  e t  a l . (1985) in v e s t ig a te d  the e f f e c t  o f 5 a n t io x id a n ts  
in  standard FA c u ltu r e s  and in  c u ltu r e s  s tr e s s e d  e ith e r  w ith  DEB, or  
w ith butyIhydroperoxide ( BHP) or w ith hydrogen peroxide (H 202)•
A ll 3 c la s to g e n s  in creased  the chromosomal breakage l e v e l s  in  
homozygous and heterozygous FA c e l l s .  A p a r t ia l  c o rr e c tio n  o f  
spontaneous chromosomal i n s t a b i l i t y  was noted fo llo w in g  the a d d itio n  
o f  a n t io x id a n ts  to  the lymphocyte c u ltu r e s .  A 'p r o te c t iv e ' e f f e c t  
was a ls o  seen in the DEB- or [jero x id e -s tressed  lymphocytes o f  
p a t ie n ts  and h e tero zy g o te s , grown in the presence o f  a n t io x id a n ts .
The lo c u s  for 3DL) has been mapped to  21g22 and shows a dosage e f f e c t  
in c e l l s  aneup loid  tor  chromosome 21 ( F easter  e t  a l . ,  19 7 7 ).
Auertuch e t  a l . (1980) noted an FA c lo n e  which was tr iso m ic  for  most 
o f the long arm o f chromosome 21 . T his c lo n e  would thus oe expected  
to  p o sse s s  in creased  SOD a c t iv i t y  (a t  th e  time o f p u b lic a t io n , the  
SOD a c t iv i t y  le v e l  had not been m easured) .  However, th ose c e l l s  w ith  
the 21q+ abnorm ality s t i l l  m aintained a high r a te  o f  spontaneous 
chromosomal in s t a b i l i t y  in s p i t e  o f  the p o stu la ted  in creased  le v e l s  
o f  SOD they should c o n ta in . T his in d ic a te s  th at chromosomal 
f r a g i l i t y  in FA may w e ll :>e the r e s u lt  o f a d e f ic ie n t  rep a ir  
mechanism, or a com bination o f a rep a ir  d e fe c t  and a decreased  
p o te n t ia l for  r a d ica l scavenging (or an in creased  production o f  fr e e  
r a d ic a ls ) .  However, a com bination o f th ese  d e f ic ie n c ie s  would not be 
expected  in a s in g le  p a t ie n t  i t  the b a s ic  d e te c t  i s  the r e s u lt  o f  a 
s in g le  r e c e s s iv e  gene m utation .
Using the m icronucleus technique tor screen in g  chromosomal damage,
Raj and Meddle (1980) concluded th a t the e f f e c t  o f SOD, c a ta la s e  and 
L -cy ste in e  i s  not s p e c i f ic  to  M M C-sensitive FA c e l l  s t r a in s .  The 
p rop ortion al e f f e c t  o f SOD was s im ila r  in  the normal and A^ 
f ib r o b la s t  c e l l  s t r a in s  tor both spontaneous and MMC-induced 
breakage. Furtherm ore, c a ta la s e  was as e f f e c t iv e  a s  SOD in  reducing  
the frequency o f m ic r o n u c le i. These f in d in g s  in d ic a te  th a t tfie 
primary d e fe c t  in  FA i s  probably not an ;30D d e f ic ie n c y , but rather a 
DNA rep a ir  d e f ic ie n c y . A d e te c t iv e  fr e e  r a d ica l scavenging system  
cannot ex p la in  the high s u s c e p t ib i l i t y  o f  FA c e l l s  to  d ifu n c t io n a l  
and p o ly fu n c tio n a l a lk y la t in g  a g e n ts , in  c o n tr a s t to  a p r o f ic ie n t
response to  m onofunctional drugs and ir r a d ia t io n . (See s e c t io n
1 .6 .2 )  However, the co n cen tra tio n  o f fr e e  oxygen r a d ic a ls  may he a 
c r i t i c a l  parameter for  the in c id en ce  o f spontaneous chromosomal 
breakage in  FA -  lower than normal l e v e l s  o f SOU and/or c a ta la s e  may 
cause an e x c e ss  of chromosomal a b erra tio n s  and t h is  may in turn 
overload  an a lread y d e fe c t iv e  UNA c r o s s - l in k  rep a ir  mechanism.
1 .8 .3  Conclusion
Sin ce FA shows Mendelian in h e r ita n c e , the m anifold  stigm ata  sh o u ld , 
a t  the m olecular l e v e l , oe a chain  o f d if f e r e n t  consequences o f  one 
d e fe c t iv e  gene in ea .. FA com piemen ta  t  ion group. (See s e c t io n  1 .5 )  
T h erefore , p o s s ib le  FA gene products are probably e ith e r  p r o te in s  
involved  in  UNA r e p lic a t io n  and r e p a ir , or a l t e r n a t iv e ly ,  m olecu les  
which a l t e r  the a c c e ss  o f  DNA-reiated enzymes to  the chrom atin .
Although Uie m olecular nature o f the FA d e te c t  ren a in s c o n tr o v e r s ia l  
and the enzym ological abnorm ality a w a its  c h a r a c te r iz a t io n , i t  i s  
g e n e r a lly  accepted  th a t FA c e l l s  are d e te c t iv e  in  the f i r s t  
h a lf -e x c is io n  s te p  o f c r o s s - l in k  rej i r .  To d a te , i t  i s  not known 
whether t h is  UNA rep a ir  d e fe c t  i s  primary or the r e s u lt  o f an 
a lte r a t io n  in another b iochem ical pathway. F in a lly , i t  must be 
emphasized th at th ere  i s  a t  p resen t no known r e la t io n s h ip  between 
t h is  d e fe c t  in UNA c r o s s - l in k  rep a ir  and the c l i n i c a l  stigm ata  
d isp la y ed  by FA hom ozygotes. I t  i s  e s s e n t ia l  to  determ ine whether 
th ese  symptoms are indeed the r e s u lt  of v i s ib l e  chromosome 
ab erra tio n s  and, i f  s o ,  wtiether t h is  damage i s  in t r i n s i c a l ly  produced 
or caused by e x t r in s ic  a g e n ts .
1 .9  AIMS
F an con i's  anaemia homozygotes are c l i n i c a l l y  c h a ra cter ized  by a 
v a r ie ty  o f co n g en ita l m alform ations and a d e fe c t  in  the bone marrow 
which i s  t y p ic a l ly  delayed  in  o n s e t . T his h e tero g en e ity  makes the  
accu rate  d ia g n o s is  o f  FA d i f f i c u l t  in  some p a t ie n t s .  Furthermore, 
spontaneous chromosome breakage may be v a r ia b le  and in c o n s is te n t ,  and
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thus n o n -d ia g n o st ic . T h erefo re , in view  o f the su sp ected  in crea se  in  
frequency o f  the FA gene in  South A fr ic a , the aim s o f the p resen t 
stu d y were:
a) I d e n t if ic a t io n  o f  FA homozygotes
In v itr o  c la s to g e n ic  s tr e s s in g  o t FA noinozygotes was eva lu ated  w ith  a 
view  to  in crea sin g  th e  d ia g n o s t ic  r e l i a b i l i t y  o f  FA in  l iv e b o r n s . In 
a d d it io n , the p ren ata l d e te c t io n  o t a f fe c te d  homozygotes was a ls o  
con sid ered  s in c e  t h i s  would be o f g rea t p r a c t ic a l a s s is ta n c e  to  
o b lig a to r y  c a r r ie r  paren ts o f  an a f f e c te d  c h i ld .
b) Ide n t i f i c a t io n  o f  FA h etero zy g o tes
The second aim o f t h i s  study was the esta b lish m en t o f  an accu rate  and 
r e l ia b le  technique tor  the id e n t i f ic a t io n  o f FA heterozygoter to  
a ch ieve  the dual purpose o f c o u n se llin g  in d iv id u a l fa m ilie s  and 
p o s s ib ly  determ ining the frequency o f  the FA gene in the variou s  
South A frican pop ulation  groups.
Section 2
2 . MATERIALS AND METHODS
2 .1  SHORT-TERM PERIPHERAL BLOOD CULTURES
In 1932/ Haldane p red icted  that the study ot human chromosomes would 
be r ev o lu tio n iz e d  i t  per ip h era l blood leu k o cy tes  cou ld  be cu ltu red  
(M a rch illi e t  a l . /  1 9 8 0 ). H aldane's 1 r e v o lu t io n 1 began in  1960 when 
N ovell noted th at phytohaem agqlutin in , ar e x tr a c t  from red kidney  
beans/ which had been used for i t s  blood a g g lu t in a tin g  p r o p e r tie s /  
was a m ito t ic  stim u lan t (N o v e ll, 1960b ). That same y e a r , Moorhead e t  
a l .  (1960) combined the p er ip h era l blood c u ltu re  technique and 
a ir -d r y in g  method o f s l id e  preparation  in to  a technique th a t could  
e a s i l y  and r o u tin e ly  be perform ed. H ungerford's (1965) m icrocu lture  
method fo llow ed -  no longer was i t  n ecessary  tor leu k o cy te s  to  be 
sep arated  from whole b lo o d , and in a d d it io n , very sm all amounts o t  
blood were req u ired . T his tech n iq u e , w ith  tome m o d if ic a t io n s , was 
ptr’ f a r i l y  used in the pr# sen t stu d y .
2 .1 .1  In d iv id u a ls  stu d ied
The p a e d ia tr ic  haematology u n its  o f the Baragwanath and Johannesburg 
h o s p ita ls  were requested  to  r e fer  th e ir  confirm ed and susp ected  c a se s  
o f FA fo r  t h is  chromosome stu d y . A d d ition al blood specim ens were 
referred  oy a tew p r iv a te  p r a c t it io n e r s  from the Transvaal Province 
o f South A frica (see  F ig . 3 .1 ) .
In view  o f the broad phenotypic d iv e r s i t y  apparent in FA, s tr in g e n t  
g u id e lin e s  were n ecessary  in order to  minimize p o s s ib le  d ia g n o st ic  
d i f f i c u l t i e s .  P a t ie n ts  v*;ru con sid ered  homozygous tor the FA gene i t  
the fo llo w in g  c r i t e r ia  were f u l f i l l e d :
i .  pancytopenia -  not ev id en t a t b ir th , but develop in g  in  the 
f i r s t  few years o f l i f e  ( not a p p lic a b le  to  very young 
p a t ie n ts )
i i .  growth re ta rd a tio n  -  m an ifested  by low b ir th  weight or sm all 
s ta tu r e
i i i .  dem onstrable dysmorphic fe a tu re s  ( r e fer  to  "able 1 .1 )
Those in d iv id u a ls  not f u l f i l l i n g  the n ecessa ry  c r i t e r ia  for FA, but 
e x h ib it in g  some c l in i c a l  fe a tu r e s , and thus su g g estin g  tx is s ib le  
p a r t ia l  ex p ressio n  o f the FA g e n e , were a ls o  s tu d ie d , but were 
se [)a ra te ly  grouixnl.
In view o f the proven autosomal r e c e s s iv e  mcde o f in h er ita n ce  o f  FA 
(se e  s e c t io n  1 .5 ) ,  parents o f  d iagnosed FA c a se s  were c la s se d  as  
o b lig a te  h e te r o zy g o te s . I t  should however, be noted th a t in  no ca se s  
was lab oratory  confirm ation  obtained  th at th e fa th ers  were in  fa c t  
the tr u e , b io lo g ic a l  fa th e rs  o f th e a f fe c te d  c h ild r e n .
As i t  i s  not known whether the app aren tly  h ea lth y  s ib s  o f hemozygotes 
are FA h etero zy g o tes  or norm al, the tew s ib s  that were stu d ied  were 
a ls o  se p a r a te ly  c la s s e d .
P h en o ty p ica lly  normal Black and White in d iv id u a ls  o f both s e x e s ,  
ranging in age trun b months to  05 y ea rs , served  as co n tro l  
s u b je c t s .  The c o n tr o ls  c o n s is te d  o f  healthy lab oratory  personnel as  
w e ll as referred  p a t ie n ts  whose blood specim ens had r o u tin e ly  been 
sen t in to  the lab oratory  for  chromosome a n a ly s is  and had sub sequ ently  
been shown to  be cnromosomally norm al. I t  i s  r e a liz e d  th a t id e a l ly ,  
a l l  co n tro l su b je c ts  should have been q u estion ed  as to  p o s s ib le  
fam ily  h is to r y  o f FA, or any fe a tu re s  o f the syndrome. However, in  
view  o f an estim ated  h eterozygote  frequency o f 1 in 300 in th e North 
American pop ulation  (S w if t , 1971), or 1 in 00 in South A frica  (se e  
s e c t io n  3 .1 .3 ) ,  a t the n o s e , one un detected  fie tero  zygote i s  l ik e ly  to  
have been included in t h is  co n tro l group, c o n s is t in g  o f 41 
in d iv id u a ls . A frikaners were la r g e ly  excluded as c o n tr o ls  for  the 
present stu d y , as the frequency it the FA gene i s  thought to  be 
higher m t h is  p op ulation  (se e  s e c t io n  3 .1 .3 ) ;  i t  ' s  th erefo re  
u n lik e ly  th at more than one tie tero  zygote was per chance included  in  
the co n tro l group.
Prior to  c y to g e n e tic  a n a ly s is ,  a l l  su b je c ts  were a ssig n ed  to  one o f  
f iv e  grou p s, v iz .
i .  homozygotes
i i . o b lig a to r y  h etero zy g o tes
i l l . s ih s
iv .  acxr ' c l i n i c a l  te a tu re s
v . c o n tr o ls
2 .1 .2  C o lle c t io n  o t oioou sam ples
Blood sam ples (5 -10  ml) were obta ined  by venipuncture from a l l  
s t* )]ec ts  under stu d y . S t e r i l i t y  o t the specim ens was m aintained by 
c o l le c t in g  blood d ir e c t ly  in to  com m ercially prepared, s t e r i l e  
evacu ating  tubes ( 1V acu ta in er1) con ta in in g  the a n t ic o a g u la n t , lith iu m  
heparin w ithout p r e se r v a t iv e . D ir e c t ly  a t t e r  the withdrawal o f the  
b lood , the rubes were in verted  se v e r a l tim es so  a s  to  ensure the  
prevention  o f c o a g u la tio n .
2 .1 .3  Storage of the blood sam ples
On r e c e ip t  o f the whola blood specim en, i t  was s to red  a t  
4°C for a maximum ^ 2 days b efore c u ltu r in g . (The storage
temperature was not allow ed to  t a l l  below 4°C or exceed
38°C ).
2 .1 .4  Procedure '
The reader i s  referred  to  Appendix D tor  the sou rces o t a l l  reagents
and chem icals used .
2 .1 .4 .1  Mater i a l s  used in the c u ltu re  process
i . T issu e c u ltu re  medium -  Hams FIG supplemented with 1 -
glutam ine: pH 7 .2 -7 .- .  or N150 medium (Plieno.1. red , a pH
in d ic a to r , was added to  the medium) 
l i .  A n t ib io t ic s  -  p e n ic i l l in  ( 'C rystapen1 :0.12m ]/m l) and
rtreptom ycin ('N ovostrep ':0 .24m g/m l) were added to  the medium 
l i i .  Serum -  pooled human Ab serum
94
i v .  M ito tic  stim u lan t -  phytohaem agglutinin
v .  M ito tic  sp in d le  in h ib ito r  -- c o lc h ic in e
v i .  Hypotonic s o lu t ic . i  -  potassium  c h lo r id e ;  0.075M s o lu t io n
v i i .  C ulture v e s s e ls  -  s t e r i l e ,  screw -cap , p la s t ic  d isp o sa b le  15ml 
c o n ic a l c e n tr ifu g e  tubes
2 .1 .4 .2  Method o f c u ltu re
2 .1 .4 .2 .1  I n it ia t io n  o t cu ltu re
' S t e r i l i t y '  was m aintained throughout the p la n tin g  procedure. Hands 
were i n i t i a l l y  washed in 'h ib is c r u b ', and a l l  p la n tin g  took p la ce  in  
a 70% alcohol-sw abbed , 'U V /flu orescen t l ig h t  box' (th e  UV l ig h t  
should be sw itched o f f  w h ils t  working in th e 'b o x ' ) .  In a d d it io n ,  
s t e r i l e  d isp o sa b le  n eed les  and sy r in g es  were used and 'flam in g ' was 
employed.
The fo llow in g  were added to  each s t e r i l e  c u ltu r e  tube;
i .  3.5rr" Hams F10 or M150 c u ltu re  medium
i i .  1ml ; i. serum
i i i .  u.uSml PHA
i v .  0.5m l whole blood
2 .1 .4 .2 .2  Incubation
The t ig h t ly  sea led  c u ltu r e s  wete incubated a t  an an g le  o f  
approxim ately 30° to  ob ta in  a maximum su rfa ce  area for  66 hours a t  
37°C.
Temperature f lu c tu a t io n s  o t the incubator were m onitored d a i ly  to  
ensure a con stan t tem perature, f lu c tu a tin g  l e s s  than 1°C from 37°C.
2 . 1 . 4 . 2 . 3  Metaphase a r r e s t
From t h is  s ta g e  onwards, th e c u ltu r e s  were no longer handled in  a 
s t e r i l e  manner.
0.5/wg C o lch ic in e /m l c u ltu re  = 0.01m l c o lc h ic in e  working s o lu t io n  (se e  
Appendix C) was added to  each c u ltu r e  30 m inutes p r io r  to  
h a r v e st in g . C u ltures were then reincubated  a t  37°C for  the fo llo w in g  
30 m in u tes.
2 .1 .4 .2 .4  H arvesting
2 .1 .4 .2 .4 .1  Hypotonic pretreatm ent
i .  The c u ltu r e s  were cen tr ifu g e d  a t  1600 rpm for  8 m inutes,
i i .  The supernatant was c a r e fu l ly  d ecan ted , tak ing care nut to
d is tu rb  th e c e l l  p e l l e t . About 0.5ml supernatant was l e f t  in 
the c e n tr ifu g e  tube to  prevent the c e l l - p e l l e t  from c lo t t in g  
on a d d itio n  o f KC1.
i i i .  5ml o f 0 .075  M KC1 prewarmed to  37°C was added, using a low  
speed 1w h ir lim ix er1 , to  ensure g e n t le  but thorough m ixing, 
during and a f t e r  the a d d itio n  o f the hypotonic s o lu t io n .
i v .  The c u ltu r e s  were rein cu bated  a t 37°C for  20 m inutes.
2 .1 .4 .2 .4 .2  F ixa tion
Fresh f ix a t iv e  (4  parts m ethanol:1 part g la c ia l  a c e t ic  a c id ) was 
prepared a t  the beginning o f the harvest and then sto red  a t  l e s s  than
o°c
i .  The c u ltu r e s  were again  c en tr ifu g ed  a t  1600 rpm for  8 
m in utes.
i i .  The hypotonic supernatant was c a r e fu l ly  removed w ith  a f in e  
bore p ip e t te  or a 10ml s y r in g e .
i i i .  F ir s t  f ix a t io n  : 5ml f ix a t iv e  was added very s lo w ly  i . e .  drop
by drop tor  a t  le a s t  the f i r s t  3ml, w h ile  the c u ltu r e  was 
a g ita te d  on a 'w tiir lim ix er '.
, v .  The c u ltu r e s  were recen tr itu g ed  a t  1600 rpm fo r  8 m in utes.
v . The supernatant was d ecanted ,
v i .  Oecond and th ird  f ix a t io n s  were processed  in  the same manner
as d escr ib ed  above in s te p s  i i i  to  v .
v i i . The c u ltu r e s  were again  c e n tr ifu g e d  a t 1600 rpm for  8 m inutes,
v i i i .  The supernatant was decan ted .
By t h is  s ta g e ,  the supernatant f ix a t iv e  was u su a lly  c le a r ,  but i f  
n o t , repeated changes o f f ix a t iv e  were continued u n t il  the  
supernatant was com p lete ly  c le a r .
2 .1 .4 .2 .4 .3  S lid e  preparation
CommerciaJly precleaned s l id e s  were soaked in a b so lu te  a lc o h o l tor a t  
le a s t  24 hours p rior  to  use so as to  ensure th a t th ey  were o i l -  and 
g r i t - f r e e .
The s l id e s  were prepared in most c a se s  im m ediately a f t e r  h a r v e stin g . 
I f  the s l id e s  were made the fo llo w in g  day, the c u ltu r e s  were sto red  
a t  4°C.
In a l l  c a se s , the fo llo w in g  procedure for s l id e  preparation  was 
adopted:
i .  The c u ltu re  was cen tr ifu g ed  a t 1600 rpm fo r  8 m inutes,
i i .  As much supernatant f ix a t iv e  as p o s s ib le  was decanted w ithout
d istu rb in g  the c e l l  p e l l e t ,
i i i .  The p e l l e t  was resuspended in approxim ately 0.5ml fresh
f ix a t iv e ;  the amount of f ix a t iv e  used was d ir e c t ly  
prop ortion al to  the s i z e  o f  the f in a l  c e i l  p e l le t  -  a 'm ilky' 
c o n s is te n c y  was required .
i v .  A lcohol-soaked  s l id e s  were p o lish ed  w ith l i n t - f r e e  t i s s u e s ,
v .  The s l id e  was flood ed  w ith  f ix a t iv e  and any e x c e ss  f ix a t iv e
was removed by t i l t i n g  the s l i d e ,
v i .  A th in  bore pasteur p ip e t te  p lu s  rubber bulb was used to  drop
+ 6 drops o f the c e l l  su spension  from a h e ig h t o f + 40cm on to
97
each wet s l i d e , held in a h o r izo n ta l p o s i t io n ,
v i i .  As soon as  most o t tho f ix a t iv e  had evaporated from the s l id e
su r fa c e , the s l id e  was g e n t ly  flood ed  w ith f ix a t iv e  and
a llo w e  . to  l i e  f l a t  for + 45 seco n d s,
v i i i .  Any ex ce ss  f ix a t iv e  was removed by t i l t i n g  tne s l id e  on to
b lo t t in g  paper.
i x .  The s l id e s  were a ir  d ried  in a v e r t ic a l  p o s it io n  in  fro n t o f a 
warm fan.
2 .1 .4 .3  Drug treatm ent
M odified PHA-stimulated lymphocyte c u ltu r e s  were in i t ia t e d  in a 
manner id e n t ic a l  to  th at a lrea d y  d escr ib ed  in s e c t io n s  2 .1 .4 .2 .1  and
2 .1 .4 .2 .2  but were exposed to  e ith e r  o f the two b ifu n c tio n a l  
a lk y la t in g  agen ts under stu d y , v i z .  DEB or MMC, for  the f in a l  42 
hours o f c u l t u r e .
The DEB was added in a range ot d i lu t io n s  to  a s e r ie s  o t d if f e r e n t  
c u ltu r e s  e s ta b lis h e d  from each case  24 hours a f t e r  the in i t ia t io n  o f  
c u ltu r e . The DEB was d ilu te d  in  rxxm iercially  a v a ila b le  s t e r i l e  
d i s t i l l e d  water to  f in a l  co n cen tra tio n s  o t 0 .0 1 ; 0 .1 ;  0 .2 ;  0 .4  or 
Ifig/ml c u l t u r e . S im ila r ly , MMC was d ilu te d  in s t e r i l e  s a l in e  to  
f in a l  co n cen tra tio n s  of 10 and 50 ng/ml and added to  c u ltu r e s  24 
itours a f t e r  th e ir  i n i t i a t i o n .
T h e re a fter , the drug trea ted  c u ltu r e s  were processed  id e n t ic a l ly  to  
the non-induced c u ltu r e s .  (See s e c t io n s  2 .1 .4 .2 .3  and 2 .1 .4 .2 .4 )
2 .1 .5  D iscu ssion
2 .1 .5 .1  P eriph eral blood c u ltu r e s
D ivid ing som atic c e l l s  are required  tor  the exam ination o f m ito tic  
chromosomes. T his can be accom plished in 3 main ways ( P r ie s t ,  1977);
a) t i s s u e s  a lrea d y  d iv id in g  r a p id ly  in  v iv o , such as bone marrow,
may tie examined w ithout in v itr o  c u ltu r e ;
b) sh ort-term  in v i t r o  c u ltu re  o t p er ip h era l b lood; and
c) long-term  in v itr o  t i s s u e  c u ltu r e .
P erip h era l blood i s  however, the most common source fo r  the a n a ly s is  
o f human chromosomes a s i t  i s , in most cases# e a s i l y  and p a in le s s ly  
o b ta in a b le . By c o n tr a s t , bone .-narrow and f ib r o b la s t  c u ltu re  s tu d ie s  
may cause co n sid era b le  d iscom fort to  th e p a t ie n t # and are thus o n ly  
recommended when c l i n i c a l l y  in d ic a te d . Although the m ito t ic  index 
(r a te  ot  c e l l  d iv is io n )  i s  low in c ir c u la t in g  lym phocytes, v ar iou s  
m itogen ic agen ts  can induce them to  undergo b la s to id  transform ation  
and d iv is io n  (R obbins, 1964). (See s e c t io n  2 .1 .5 .3 )
In the o r ig in a l  p erip hera l blood c u ltu re  technique o f Moorhead e t  a l .  
(1 9 6 0 ), the plasma was sep arated  from the red c e l l s  and th e r e a fte r  
added to  th e c u ltu re  medium. This technique required r e la t iv e ly  large  
q u a n t it ie s  o f  b lood . In the s o -c a l le d  'm icro cu ltu re* techn iq ues o f  
Hungerford (1965) and la t e r ,  Poulding and A llen  (1 9 6 8 ), techn iq ues  
which fonn the b a s is  o t the methods employed in the p resen t stu d y , 
sm all q u a n t it ie s  o t whole blood ar> added to  the c u ltu re  medium. T his 
m icrotechnique has th e advantages th at the whole blood need not be 
cen tr ifu g ed  and handling o t the blood i s  kept to  a minimum.
2 .1 .5 .2  Choice o f proc edure
Oummercially a v a ila b le  Hams F10 medium was used tor alm ost a l l  the  
c a s e s , because i t  co n ta in s  c o r r e c t ly  balanced in g r e d ie n ts  necessary  
ft. * c e l l  grow th, v iz .  e s s e n t ia l  amino a c id s ,  v itam in s and 
c o - fa c to r s ,  m ineral s a l t s  and an energy so u rce . In 16 c a se s , the  
number ot chromosome a b erra tio n s  produced in the presence o f the  
medium Ml50, as opposed to  K10, was in v e s t ig a te d . Like TC199, M150 
i s  a f o la t e - d e f ic ie n t  medium known to  enchance the exp ressio n  o f  
some h e r ita b le  f r a g i le  s i t e s .  (The reader i s  re ferred  to  the GIB00 
ca ta lo g u e  fo r  exam ple, tor d if fe r e n c e s  in com position  between Hams 
F10 and TC199.)
Although 48-hour c u ltu r e s  are u su a lly  recommended for chromosome
breakage s tu d ie s  ( see  s e c t io n  2 .6 .4 ) ,  a 6 6 -hour c u ltu r e  period  
(e q u iv a le n t to  72-hour convention al c u ltu r e s )  was chosen to  enab le  
d ir e c t  com parisons w ith p rev io u sly  published  d a ta . (See Table 3 .1 1 )
2 .1 .5 .3  Lymphocyte tran ston n ation
In normal c ir c u la t in g  p erip h era l b lo o d , about 36% (1 -  4 x 109/1 in  
health y a d u lts )  o t  ttie w hite c e l l s  are lym phocytes, and alm ost a l l  o f  
th ese  are sm all untranstormed lymphocytes ( M a rch illi e t  a l . ,  1980).
In the presence of v ar iou s m itoq ens, th e sm all lym phocytes undergo 
tran sform ation . These transformed 'b ia s to id '  c e l l s  are then capable  
of d iv i s io n .
The most commonly used mitogen for c y to g e n e t ic  s tu d ie s  i s  
phytohaemagq1u tin in  ( PHA). PHA i s  is o la te d  from the seed s of 
Phaseolus v u lg a r is  or P. communis by s a l t  e x tr a c t io n  (R igas and 
Osgood, 1955). PHA has 2 components, a m ucoprotein (PHA-M) and a 
prote in  (PHA-P), both o f which are good m itogens (M a rch illi e t  a l . ,  
1980). PHA, l ik e  Concanavalin-A, i s  thought to  a f f e c t  p r im arily  the
T -c e l l  pop ulation  c t  lym phocytes, w h ile  oth er m itogens such as
poke weed m itogen a f f e c t  prim arily  trie B - c e l l s  ( I b id ) .
E lves and W ilkinson ( 1962) sftowed that PHA ca u ses  lym phocytes to  
f i r s t  undergo r e g r e ss iv e  changes. They su ggested  th a t PHA produced 
i t s  m itogen ic  e f f e c t  oy i t s  a b i l i t y  to  cause re^ uvination  o f the 
in term ed iate  and sm all lym phocytes, which transform  to  b la s t  c e l l s  
and hence to  c e l l s  capable of d iv i s io n .  T his m ito t ic  e f f e c t  o f  PHA, 
which i s  b e lie v e d  to  be a n t ig e n ic a lly  m ed iated , thus appears to  he 
secondary to  transform ation ( Hamerton, 1971). The a c tio n  o f PHA i s  
th ere fo re  sa id  to  he 1 p rem ito tic  1.
Within the f i r s t  24 hours a f t e r  the a d d itio n  o f  PHA to  the c u ltu r e ,
there i s  a marked in crease  in RNA s y n th e s is  ( M a rch illi e t  a l . ,
1980). T his i s  fo llow ed in the next 24 hours by enlargem ent o f  the  
c e l l  nu cleus and the in i t ia t io n  ot DMA s y n th e s is  ( I b id ) .  Once DNA 
sy n th e s is  b e g in s , the c e l l s  are 'com m itted1 to d iv id e  and PHA i s  no 
longer required  in the c u ltu r e .
B esides having the property o f inducing d iv is io n  in  lym phocytes, PHA 
a ls o  s e l e c t i v e l y  a g g lu t in a te s  and sed im ents mature e ry th ro cy te s  
(R igas and Osgood, 1 9 5 5 ).
2 .1 .5 .4  M ito tic  a r r e s t
M ito tic  in h ib ito r s  jjrevont the form ation of the sp in d le  apparatus and 
thereby promote d isp e r s io n  o f the chromosomes and the accum ulation o f  
metaphases by b locking fu rth er  m ito s is  (Lawee and Brown, 1980). 
A n tim ito tic  a g en ts  in use in clu d e velban ( v in c r i s t in e ) , c o lc h ic in e  
i t s  d e r iv a t iv e , co lcem id . C o lch ic in e  and colcem id are w id e ly  
used, w hile velban i s  used to  a lim ite d  e x te n t .
(
Bosnian e t  a l . (1975) s h o w e o  th at the len gth  o f the chromosomes i s  
in d ir e c t ly  prop ortion al to  the co n cen tra tion  o f c o lc h ic in e  and the  
time o f exposure o f the c e l l s  to  th is  m ito t ic  in h ib ito r  -  the 
higher the co n cen tra tio n  and the longer the tim e o f m ito t ic  a r r e s t ,  
the more condensed the chromosomes w il l  b e . C o lch ic in e  a t  a 
con cen tra tion  o f 0 .5/xg/mi c u ltu re  added to  the c u ltu r e s  for 30 
m inutes was found to g 1 ve an ad^guate nmntier of metaptiases o f  
r e la t iv e ly  good morphology. Used a t low d osa g es, c o lc h ic in e  
appears to  have no d e le te r io u s  e f f e c t  on the entrance o f c e l l s  in to  
d iv i s io n , nor i s  there any ev id en ce of i t  causing chromosome 
ab erra tio n s (Hamerton, 1971).
2 .1 .5 .5  Hypotonic pretreatm ent
Early attem pts to  d isco v er  the chromosome number in man were 
s e v e r e ly  hampered by the fa c t  th a t the chromosomes were u su a lly  
markedly clumped and i t  was thus d i f f i c u l t  to  d is t in g u is h  one 
chromosome from an oth er . Imjrovod v is u a l iz a t io n  of in d iv id u a l 
chromosomes to 1loved the independent d is c o v e r ie s  o f Hsu (1952) and 
Hughes (1952) th a t hypotonic treatm ent cau ses sw e llin g  o f c e l l s  and 
thereby enhances chromosome sp read in g . Hungertord (1965) 
introduced the use o f 0 .075  M KC1 as a hypotonic p retreatm en t. I t  
was noted th a t t h is  procedure, compared to  using d i s t i l l e d  H20,
for  example (Moorhead e t  a l . ,  1960) appears to  be l e s s  damaging to  
th e s tr u c tu r a l in t e g r ity  o l  the chromosomes. Hence, hypotonic KCl 
s o lu t io n s  are today preferred  tor most banding p r o to c o ls .
The time required  to  a llo w  the hypotonic so lu t io n  to  sw e ll the  
c e i l s ,  does not appear to  be c r i t i c a l  w ith  normal, non-leukaem ic 
c e l l s .  However, in  order to  m aintain u n iform ity , the hypotonic  
so lu tio n  was alw ays prewarmed to  37°C and added to  the c u ltu r e s  tor  
20 m inutes. The volume ot hypotonic s o lu t io n  i s  however, c r i t i c a l  
for blood sam ples, as too l i t t l e  hypotonic w i l l  r e s u lt  in n o n - ly s is  
o f  red c e l l s  and poor chromosome spreading and morphology. F ive ml
0.075M KCl was in  a l l  c a se s  found to  be more than adequate.
2 .1 .5 .6  F ixa tion
F ixa tion  nuy be det ined as 1 Mie process by which t i s s u e s  or th e ir  
components are f ix e d  s e l e c t iv e ly  a t  a p a r tic u la r  s ta g e  to  a d es ired  
e x te n t' (Sharma and Sharma, pg 30, 1980). U n til t h is  s ta g e , the  
c e l l s  are a l i v e . m etab o liz in g  and con tin u in g  to  be a f fe c te d  by the  
m ito tic  a r r e s t in g  s o lu t io n . The purpose o f  f ix a t io n  i s  thus to  k i l l  
the c e l l s  w ithout causing any d is to r t io n  o t the components to  be 
stu d ied  i . e .  the chromosomes, as far as i s  p r a c t ic a b le .
The f ix a t iv e  used should id e a l ly  have the fo llo w in g  p ro p er tie s  
(Sharma and Sharma, 1980):
i .  p r e c ip ita t io n  of chromatin
i i .  immediate c e l l  k i l l in g
i i i .  checking the a u t o ly s is  o t  p ro te in s
iv .  preven tion  o t decom position
v . enhancement o t the b a so p h ilia  o t the chromosomes
F ix a tiv e s  f u l f i l l i n g  the above-m entloned c r i t e r ia  to  a g rea ter  or 
le s s e r  e x te n t  and th ere fo re  in common c y to g e n e tic  u sage, in clu de  
( Sharma and Talukder, 1976):
i .  A ce tic  a lc o h o l (1 :3 ) -  3 p arts  o t a b so lu te  e th y l or 
m ethyl a lc o h o l to  1 part o t g la c ia l  a c e t ic  a c id ,
i i .  A cetic  a c id  -  45% to 60% s o lu t io n  in  d i s t i l l e d  w ater .
•<
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Carnoy1s  f ix a t iv e  -  a b so lu te  e th y l a lco h o l 100 
p a rts; g la c ia l  a c e t ic  a c id  16 p a r ts ;  chloroform  
50 p a r ts .
T ] io 1s  f ix a t iv e  -  95% e th y l a lc o h o l 6 p arts;  
g la c ia l  a c e t ic  a c id  2 parts and 40% formaldehyde 1 
p a r t.
An a c e t ic  a lco h o l f ix a t iv e  (4 p arts methanol : 1 part g la c ia l  a c e t ic  
a c id ) was used throughout the p resen t stu d y . This f ix a t iv e  proved to  
be s a t is fa c to r y  in  g iv in g  c le a r  chromosome morphology and good 
chromosome sp rea d in g .
The f ix a t iv e  must be fr e s h ly  made and kept t ig h t ly  sea le d  w h ile  in  
u se , a s  i t  can absorb water upon stan o in g  and in a d d it io n , the pH 
changes w ith tim e .
2 .1 .5 .7  S lid e  preparation
S lid e  making i s  probably th e most im portant s tep  in  the preparation  
o f chromosomes. Chromosome spreading and morphology, and th ere fo re  
banding q u a lity , are in la rg e  part dependent upon how s l id e s  are 
prepared.
The many v a r ia b le s  which a f f e c t  s l id e  q u a lity  can a l l  be shown to  
a f f e c t  the drying of the c e l l s  and thus th e  chromosomes, oy changing 
the jvap oration  o f the f i x a t iv e .  Given the proper h arvest procedure, 
most te c h n ic a l problems in s l id e  preparation  are drying problem s.
Air drying i s  probably th e s im p le st procedure for spreading  
chromosomes on a m icroscop ic  s l id e  from a suspension  o f c e l l s  in 
f i x a t iv e .  Air drying i s  today the method o f  ch o ice  in must banding 
p r o to c o ls . Hov*jver, as humidity and a ir  tem perature vary from time 
to  tim e, a major problem i s  the achievem ent of c o n s is te n c y .
Knowledge of the fo llow in g  v a r ia b le s  i s  a ls o  h e lp fu l in  ob ta in in g  
c o n s is t e n t ly  good s l id e s  (Lawee and Brovm, 1900):
i .  s l id e  temperature
i i .  f ix a t io n
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i i i . c e l l  p e l l e t  d i lu t io n  fa c to r
i v . wet versus dry s l id e s
V. p ip e t te  bore s iz e
v i . c le a n lin e s s  o t s l id e s
v i i . a p p lic a tio n  p ressu re to  p ip e t te  rubber bulb
v i i i . a ir  movement
In a chromosome breakage stu d y , i t  i s  im perative th a t the  
above-m entioned v a r ia b le s  be kept to  an a b so lu te  minimum so  as to  
avoid p o s s ib le  b ia s  through non-uni to m  tech n iq u es. C onsisten cy  i s  
a ls o  more l ik e ly  i t  the same in d iv id u a l prepares s l id e s  on a l l  the  
sam ples.
2 .2  AMNIOTIC FLUID CELL CULTURE
Developments in 3 major areas o f tech n ology  have made the prenatal 
d e te c tio n  o t chromosome a b n orm alities  p o s s ib le  :
i . r e l ia b le  o b s te tr ic a l  procedures tor c o l le c t in g  
am niotic t iu id ;
i i .  s u c c e s s fu l system s tor the c u lt iv a t io n  o f am niotic  
f lu id  c e l l s ;  and
i i i .  chromosome id e n t if ic a t io n  methods tor  the ev a lu a tio n  
o t am niotic f lu id  c e l l  m etaphases.
S te e le  and hreq ( Vtbb) were the f i r s t  to  d escr ib e  a r e l ia b le  'c lo sed  
c u ltu r e ' system  tor am niotic  f lu id  c e i l s .  An adaption  ot th is  
technique has been employed in th e p resen t stud y .
2 .2 .1  In o iv io iH ls  s tu d ie s
A 25 year o ld  para 2, gravida 1, p a t ie n t  was re ferred  tor  
am n iocen tesis  because her son i s  u n eq u ivoca lly  homozygous for  the FA 
gen e . The 25% recurrence r is k , the gen era l im p lic a tio n s  o f  
am n iocen tesis  and the experim ental nature o f FA p ren ata l d e t e c t io n , 
were exp la in ed  to  the p a t ie n t p rior  to  am n iocen tesis  by her m edical 
a tten d a n ts  in another c i t y .
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Control ainruotic t lu u l spt‘Cmiens Irow the w r it e r 's  lab oratory  were 
cfiosen on Uie t o s i s  o f g e s ta t io n a l age a t the tim e o f a m n iocen tesis  
and date o f  in i t i a t io n  o f .imruotic f lu id  c e l l  c u ltu r e ; they were 
p rocessed  on the same day as the am niotic  f lu id  o f the o b lig a to r y  FA 
h ete r o zy g o te . The c o n tr o l am niotic f lu id s  had been re ferred  for  
c y to g e n e tic  a n a ly s is  because of advanced m aternal age (>35 years) and 
were su b sequ en tly  found to  ue chromosomal1y normal.
2 .2 .2  C o lle c t io n  ot amnio t ic  f lu id
Transnbdoii.inal am n iocen tesis  was performed a t 16 weeks g e s ta t io n  w ith  
sim ultaneous 1 r e a l- t im e 1 ultrasound v is u a l iz a t io n  . Approximately 
20ml o f am niotic  f lu id  was u s e p t ic a i ly  withdrawn in to  2 x 25an3 
s t e r i l e  c u ltu re  f la s k s .
As the am n iocen tesis  on the p a tien t 'a t - r i s k '  vbs not performed in  
Johannesburg, th is  specimen was i n i t i a l l y  sen t to  a laboratory  c lo s e r  
to  the p a t ie n t 's  home, where the c u ltu r e s  were e s ta b lish e d  in a 
manner very s im ila r , i f  not id e n t ic a l , to  the one here d e scr ib e d . 
Su bcultu res were tra n sferred  to  Johannesburg 2 w e k s  la t e r  and 
fu rth er  p rocessed .
2 .2 .3  C ulture procedure
2 .2 .3 .1  M ateria ls  used in the c u ltu re  p rocess
The reader i s  referred  to  Appendix 0 for sou rces o t r ea g e n ts , 
chem ica ls and equipment used .
i .  T issun c u ltu re  medium -  Hams FIG medium supplemented 
w ith 1-glutam ine : pH 7 .2 - 7 .4  (Ptienol r e d , a pH 
in d ic a to r , was added to  the medium)
i i .  A n t ib io t ic s  -  P e n ic i l l in  ('C ryatapen' -  0 . 12mg/ml)
and streptom ycin  ( 'N ovostrep' -  0 . 24mg/ml) were added 
to  the medium
i i i .  Serum -  fo e ta l c a l f  serum ( PCS)
i v .  Sp ind le in h ib ito r  -  c o lc h ic in e
v . Hypotonic s o lu t io n  - potassium  c h lo r id e ;  0.05M (se c  s e c t io n  2 .2 .4 .2 .2 )
v i .  C entrituqe tubes -  s t e r i l e ,  screw -cap , p la s t ic  15ml c o n ic a l  
tubes
v i i . C ulture v e s s e ls  -  s t e r i l e , screw -cap , p la s t i c  25cm3 cu ltu re  
t la s k s
v i i i .  P ip e tte s  -  s t e r i l e ,  d isp o sa b le  1ml p la s t ic  p ip e t te s
ix .  Gas -  5% (D i ln  a ir  (to  reg u la te  the pH o f the c u ltu re
medium)
2 .2 .3 .2  I n it ia t io n  o l am m otic f lu id  c e l l  cu ltu re
A 'c lo se d ' c u ltu re  system  was used . P rior to  in i  ia t io n  o l  the  
c u ltu r e , the fo llo w in g  were f i r s t  noted -
i .  Dr who performed the am n iocen tesis*
i i .  date and time o t f lu id  withdrawal;
i l l .  amount of f lu id  rece iv ed ;
iv .  appearance ot f lu id  e g . c le a r  or b lo o d -s ta in e d ; and
v . the s i z e  o t the c e l l  p e l l e t  (a v ia b le  c e l l  count was not 
perform ed).
In a d d it io n , m eticu lou s records a s to  type ot growth and number o f  
c e l l  passages were kept throughout the c u ltu re  p er io d .
I t  i s  im perative r.fiat s t e r i l e  tech n iq u es be employed a t a l l  tim es 
when handling am niotic  f lu id s  and c u ltu r e s . Ttie fo llo w in g  r u le s  were 
ob served ;
i .  A ll s t e r i l e  procedures were lerfurm ed in a t is s u e  c u ltu re  hood 
with laminar flow  system  and high e f f ic ie n c y  p a r t ic u la te  a ir  
(HtiPA) f i l t r a t i o n ,
i i .  U ltr a v io le t  l ig h t s  were l e f t  on in  the hood and t i s s u e  c u ltu re  
room, excep t when people were in the room,
i i i .  'Ihe work su rface  was d is in fe c te d  w ith  70* a lco h o l both b efore  
and a f t e r  working w ith c u ltu r e s ,
iv .  Hands were m eticu lo u sly  washed both b efore and a f t e r  working 
w ith c u l t u r e s .
v . The l ip s  o t .,1:;3: ware were w e ll-fla m ed , and p la s t ic
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m a ter ia ls  were b r ie f ly  flamed ( proper flam ing i s  good 
p r a c t ic e , but over heating  must tie avoided -  do not flam e a 
p ip e t te  w ith  c e l l s  or medium in i t  and do not use any flamed 
implement to  handle t i s s u e s  or c e l l s  u n t i l  i t  has s u f f i c i e n t ly  
coo led  down. O verheating p la s t ic  m ater ia l m elts  the p la s t ic  
and cau ses Leakage through in co rrec t f i t  of f la s k  neck and 
ca p .)
'Plant in g 1;
i .  Contents o f the 2 f la s k s  con ta in in g  th e f lu id  were d iv id ed  
in to  2 s t e r i l e  c e n tr ifu g e  tu b es , and cen tr ifu g ed  a t 1000 rpm 
for 10 m inutes.
i i .  The supernatant was c a r e fu l ly  decanted w ithout d is tu rb in g  the  
p e l le t  (2ml supernatant was reserved for  am niotic  
a lp h a fo e to p ro te in  e stim a tio n  and the remaining f lu id  was deep 
fro zen , should a d d itio n a l b iochem ical t e s t s  be req u ired ),
i i i .  1ml PCS was added to  each tube and the c e l l  p e l l e t s  were
g e n t ly  resuspended using a d isp o sa b le  p ip e t te  and rubber bulb,
iv .  Reauspended c e l l s  were tra n sferred  from each tube in to  each o f  
the o r ig in a l c u ltu re  f la s k s  in which the f lu id  was r e c e iv e d ,  
and two o th er  f la s k s  i . e .  a to t a l  o f 4 cu ltu re  f la s k s  v  re  s e t  
up from t^e 2 o e l l  p e l l e t s ,
v . The c e l l s  were allow ed to  s e t t l e ,  by lea v in g  the f la s k s  in  the  
laminar flow  box for +30 m in utes,
v i .  2.5ml whole medium was added to  each f la s k  (whole medium =
Hams F10 + 20% PCS s o lu t io n ) ,  a f t e r  g e n t ly  in v er tin g  the f la s k ,
v i i .  The f la s k s  wsre g e n t ly  gassed  w ith 5% 0 )2  ih a ir  for
approxim ately 10 seconds -  the"gas flow  was d ir e c te d  away from 
the cu ltu re  su r fa ce  so as not to  d is tu rb  the c e l l s ,  which 
should have begun to  s e t t l e  a t  th is  s ta g e .  To prevent 
contam ination the gas was passed through autoclaved  tubing v ia  
a d isp o sa b le  m ic r o t l ite r  p r io r  to  coming in to  con ta ct w ith  the  
c u ltu r e . (T his precau tion  was taken because o f  a past 
exp erien ce  where c u ltu r e s  became contam inated through g a ss in g j
v i i i .  The f la s k s  were incubated a t  37°C a f t e r  ensuring th a t th ey  
were t ig h t ly  s e a le d .
i .  The c u ltu r e s  were examined under an in v erted  m icroscope, to  
note whether c e l l s  had adhered to  the f la s k  su r fa c e ,
i i .  The o r ig in a l  medium was reta in ed  anJ a further 2.5ml whole 
medium were g e n t ly  added to  each f l a s k .
2 .2 .3 .3  Feeding
Day 7
i .  The c u ltu r e s  were examined under an in verted  m icroscope and 
the e x te n t and type o f growth were noted ( e g . e p i t h e l i a l /  
f ib r o b la s t ) .
i i .  The spent medium was g e n t ly  tip ped  o f f ,  r e ta in in g  + 0.5m l in 
each f la s k .
i l l .  5ml whole medium was s lo w ly  added, d ir e c t in g  the flow  away 
from the c u ltu re  su r fa c e .
i v .  The c u ltu r e s  were gassed  w ith 5% 0)2  i-n a i r ,  i f  spent medium 
was an in co rrec t c o lo u r , thus in d ic a tin g  th at the pH was too  
a c id ic  (se e  s e c t io n  2 .2 .4 .2 .1 ) .
Further feed ing
C ultures were fed tw ice weekly u n t i l  they were ready to  be 
subcultured or term inated .
2 .2 .3 .4  Subculturing
C ultures are ready for  su bcu ltu re (ot term in ation ) when + 5 c o lo n ie s  
o f  1 to  2 cm diam eter are v i s ib l e  on th e  c u ltu re  s u r fa c e .
i .  When s u f f i c i e n t  growth had occu rred , + 4ml spent medium was 
1 t ip p e d 1 o f f ,  re ta in in g  + 1ml.
i i .  Using a s t e r i l e  s i l i c o n  scr a p e r , the p r e v io u s ly  marked areas  
o f  growth were g e n t ly  scraped o f t  the c u ltu re  s u r fa c e , and 
th e r e a f te r , the f la s k s  were shaken l i g h t l y ,
i i i .  5ml newly-suspended c e l l s  were c a r e fu l ly  tra n sferred  by
d ir e c t ly  pouring from the o r ig in a l  f la s k  in to  a su b cu ltu re  
f la s k .
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i v .  5ml whole medium added to  the reinaininy c e l l s  in  tlie  
o r ig in a l f l a s k .
v .  The su bcu ltu re  f la s k  was g e n t ly  gassed  tor _+ 10 secon d s,
v i .  O r ig in a l and subcultured f la s k s  were incubated a t  37°C .
v i i .  The f la s k s  were processed  a s  p r e v io u s ly  d escr ib ed  (s e e  s e c t io n  
2 .2 .3 .3 )  and growth was c a r e fu l ly  monitored u n t i l  ready for  
su b cu ltu re or term in a tio n .
2 .2 .3 .5  Metaphase a r r e s t
i . C ultures were examinee under an in verted  m icroscope fo r  the  
presence o f rounded c e l l s ,  in d ica tin g  a c t iv e  c e l l  d iv is io n ,
i i .  I t  s u f f i c ie n t  rounded c e l l s  were p resen t, c o lc h ic in e  
(0 .5^g/m l c u ltu r e )  was added.
i i i .  The c u ltu re  was reincubated  for  a fu rth er  5 hours a t  37°C.
2 .2 .3 .6  H arvesting
From t h is  s ta g e  onwards, s t e r i l i t y  need no longer be m aintained.
i . A fter 5 hours c o lc h ic in e  trea tm en t, the spent medium was 
decanted in to  a c e n tr ifu g e  tube,
i i .  The f la s k  was washed w ith 2ml Ca++ -  and Mg++ -  free
phosphate bu ffered  s a l in e  ( PBS-pH 7 .3 )  and the washings were
added to  the same c e n tr ifu g e  tube a s  in ( i ) .
i i i . To each f la s k , 3ml prewarmed (37°C) Trypsin -  EDTA m ixture 
(see  Appendix C) was added.
iv .  The f la s k s  were m onitored under an in verted  m icroscope for
c e l l  l i f t i n g  ( t h i s  s tep  u su a lly  took + 2 m inutes) -  each f la s k  
was then tapped g e n t ly , but sh arp ly , sev era l tim es to  loosen  
the c e l l s .
v . The tr y p s in iz e d  l i f t e d  c e l l s  were poured in to  the same tube as  
in  s te p s  ( i )  and ( i i ) .
v i .  The c u ltu re  f la s k  was washed w ith 2ml KC1 (0.05M ), prewanned 
to  37°C and washings were added to  the same c e n tr ifu g e  tube,
v i i .  A fter ensuring th a t the c e n tr ifu g e  tubes were balanced , they
were cen tr ifu g ed  a t  2500 rpm for  5 m inutes .
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v i i i .  The supernatant was c a r e fu l ly  decantea w ithout d is tu rb in g  the  
c e l l  p e l l e t .
2 .2 .3 .6 .1  Hypotonic pretreatm ent
i .  8ml 0.05M KC1 (prewanned to  37°C) p lu s 1ml PCS was added to  
each c e n tr ifu g e  tube and the c e l l s  were g e n t ly  resuspended  
w ith  a Pasteur p ip e t te  and rubber b u lb ,
i i .  The c e l l s  in  hypotonic KC1 were incubated a t 37°C to r  + 35
m inutes.
i i i .  The c u ltu r e s  were cen tr ifu g e d  a t 2500 rpm for 5 m in utes,
i v .  The supernatant was c a r e fu l ly  removed, taking care not to  
d is tu r b  the c e l l  p e l l e t .
2 .2 .3 .6 .2  F ix a tio n
i .  5ml o f 6:1 m eth an o lrg lacia l a c e t ic  a c id  f ix a t iv e  ( f r e s h ly
prepared and r e fr ig e r a te d )  was added by f i r s t  resuspending the
c e l l s  in + 0.5m l f ix a t iv e ,  and th e r e a f te r , adding the
remaining 4.5m l f ix a t iv e  and mixing w ith the resuspended c e l l  
p e l l e t .
i i .  The fix ed  c e l l s  were r e c e n tn fu g e d  a t  2500 rpm for 5 m inutes 
and the supernatant was c a r e fu l ly  removed,
i i i .  5ml co ld  fre sh  3:1 m eth a n o l:g la c ia l a c e t ic  a c id  f ix a t iv e  was 
added and the c e l l s  were resuspended .
i v .  The c e l l s  in 3:1 f ix a t iv e  were cen tr ifu g ed  a t 2500 rpm for  5 
m inutes, a f t e r  which the supernatant was c a r e fu l ly  d eca n ted .
v . 5ml c o ld , fr e sh  1:1 m eth a n o l:g la c ia l a c e t ic  a c id  f ix a t iv e  was 
added and the c e l l s  resu sp en d ed .
v i .  The c e l l s  in 1:1 f ix a t iv e  were c e n tr ic  2500 rpm fo r  5
m inutes and the supernatant was then c a r e fu lly  removed,
v i i .  + 0.5m l 1:1 f ix a t iv e  was again  added and the c e l l s  were 
resuspended.
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2 . 2 . 3 . 7  S l i d e  tx r e ^ tr a t io n
lun ied id tely  a t t e t  tia tv estm tj , + 3 a lid e a  '."ere jxepared per c a s e . The 
technique employed was as  deacribed in s e c t io n  2 .1 .4 .2 .4 .3 . /  but 1:1 
f ix a t iv e  was used in stea d  o f 4 :1  f i x a t i v e .
2 .2 .3 .8  Drug treatm ent
Amnlotic f lu id  c e l l  c u ltu r e s  to  be trea ted  w ith  DEB were p lanted  in  
the same way as the untreated  c u ltu r e s , as d escrib ed  in  se c t io n  
2 .2 .3 .2 .  When c u ltu r e s  from the 'a t - r is k '  fo e tu s  and from the normal 
co n tro l fo e tu se s  reactiea n ea r-con tlu en cy , the c e l l f  oere su b cu ltu red , 
u su a lly  a t a 1:3 ' s p l i t '  r a t io ,  to  provide p i ' f f ic ie  . f la s k s  for  
experim ental and untreated  co n tro l culture;., 'w n ty -fo u r  hours a f te r  
su b c u ltu r e , n o n -to x ic  co n cen tra tio n s  (0 .1 // J a »nd 0.05/xq/m l) o f  DEB 
fr e sh ly  d ilu te d  in s t e r i l e ,  d i s t i l l e d  w ater, were added to  the growth 
medium o f the experim ental and co n tro l c u ltu r e s .  C e lls  w r e  allow ed  
to  grow in the drug trea ted  medium u n t i l  term ination  (u su a lly  72 to  
96 hours l a t e r ) . In a d d it io n , some c u ltu r e s  were allow ed to  grow in  
the DEB-containing medium for 72 hours, and th e r e a f te r , the c e l l s  
were su ocu ltu reo  in ca rc in o g en -tree  medium for  a fu rth er  48 hours, 
when the c e i l s  were harvested  for c y to g e n e tic  s tu d ie s  (Voss e t  a l . ,
1981 ). R ep lica te  c u ltu r e s  o f each specimen in DEB-free medium, 
served as c o n tr o ls  tor spontaneous breakages.
2 .2 .4  D iscu ssion
Second tr im ester  am n iocen tesis  has developed in to  the s in g le  most 
important procedure for the e a r ly  d e te c tio n  and prevention  o f c e r ta in  
g e n e t ic  d iso r d e rs  ( Emery# 1973, Epstein and G olbus, 1978, E pstein  e t  
a l . ,  1983). General in d ic a tio n s  tor am m otic p ren ata l d ia g n o s is  in  
• a t - r is k '  fo e tu se s  a r e :
a) chromosomal a b n o rm a litie s;
b) neural tube d e te c ts ;
c ) c e r ta in  X -lin k ed  d iso r d e rs  tor sex in g  the fo e tu s;  and
d) d ia g n o s is  o f c e r ta in  s in g le  gene d iso r d e rs  b io ch em ica lly  or
I l l
m o lecu la r ly  means o f qene probes or r e s t r ic t io n  fragment 
len g th  polymorphisms (RFLPs) .
Auerbach e t  a l . (1979a) were the f i r s t  to  report the prenatal 
d e te c tio n  o f  the FA gene by c y to g e n e tic  methods. Their method, a 
m o d ifica tio n  o f which whs enployed in the present stu d y , was based on 
the enhancement o f  spontaneous chromosome breakage in the am niotic  
c e l l s  o f  an a f fe c te d  homozygote fo e tu s , by the a d d itio n  o f  DEB to  th e  
'a t - r is k '  am niotic f lu id  c e l l  c u ltu r e s .
2 .2 .4 .1  C e ll typ es
The c e l l  p e l l e t  r e s u lt in g  from low speed c e n tr ifu g a t io n  o f whole 
am niotic f lu id  c o n s is t s  o f  a t  le a s t  3 c e l l  ty p e s , which d i f f e r  in  
c e l lu la r  morphology, c lo n a l morphology in  c u ltu re  and growth 
p o te n tia l (Hoehn e t  a l . ,  1974).
A-'though th e ir  t i s s u e  sou rces are as y e t not r e l ia b ly  e s ta b lis h e d ,  
c e r ta in  m orphologic c e l l  typ es may be d e fin ed :
a) e p i t h e l ia l  (E) type
b) f ib r o b la s t  ( F) type
c ) am niotic f lu id  ( AF)
The AF type i s  in term ed iate  in appearance between the E and F ty p es . 
AF c e l l s  are predominant among c e l l s  in am n iotic  f lu id  and g iv e  r is e  
to  the g r e a te s t  number o f  c o lo n ie s  upon c u l t iv a t io n .  The a b so lu te  
proportion o f  the variou s c e l l  typ es remains to  lie determ ined; 
however, the d is tr ib u t io n  o f c lo n e  typ es grown from am niotic f lu id  
samples i s  about 5% f ib r o b la s t ic  c lo n e s , 34% e p ith e lo id  c lo n e s  and 
61% am niotic f lu id  c e l l  c lo n e s  ( Barker and La wee, 1 9 8 0 ) .
In a d d itio n  to  the above-m entioned 3 major c e l l  ty p e s , v a r io u s typ es  
o f  m aternal and fo e ta l blood c e l l s  may tie present as a r e s u lt  o f  
vascu lar  leakage in to  the am niotic  f lu id  a t  the tim e o f  
a m n io cen tesis . C ertain  am niotic f lu id  sam ples may a ls o  con ta in  
ra p id ly  adhering (RA) c e l l s  which could  in d ic a te  th e presence o f  
neural tube d e fe c ts  (Gosden and Brock, 1977).
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2.2.4.2 Technique
2 . 2 .4 .2 .1  Cuituruuj 
Prevention ot in fe c t io n
When c u ltu r in g  am niotic f lu id  c e l l s  i t  i s  e s s e n t ia l  th a t s t e r i l i t y  
be m eticu lo u sly  m aintained throughout the p la n tin g  and su ocu ltu rin g  
p r o c e sse s . Furthermore, i t  i s  im perative to  m onitor th e c u ltu r e s  for  
s ig n s  o t contam ination . B a c ter ia l and fungal contam ination may be 
apparent to  the naked eye (a c u ltu re  may sometimes be rescued by 
repeated r in s in g  and appropriate use o f a n t ib io t i c s ,  but th is  
procedure i s  not o ften  s u c c e s s f u l ) .  Mycoplasma contam ination i s  l e s s  
obviou s, out can cause s ig n if ic a n t  problem s, such as poor o e l l  growth 
and chromosome breakage. Mycoplasma in fe c t io n  must thus be avoided a t  
a l l  c o s t s ,  e s p e c ia l ly  when a p o s it iv e  prenatal d ia g n o s is  h inges on 
chromosome breakage r e s u l t s ,  as i s  the ca se  w ith FA.
Correct pH
The pH ot the medium must be m aintained w ith in  a s u ita b le  range (pH 
7 . 0 7 . 4 )  during c u ltu r e . The medium used, Hams F10, had phenol red , 
a pH in d ic a to r , added to  i t .  A fter the a d d itio n  o t phenol red to  the  
medium, a y e llo w ish  colour i s  in d ic a t iv e  ot too a c id ic  a m ixtu re, and 
a red d ish-p urp le  co lour in d ic a te s  th a t the medium i s  too  a lk a l in e .
In most c a s e s , a change o t medium, s u b c u ltu n n g , or adjustm ent o f  
002 ten sion  ( using s t e r i l e  5% 002 in a ir )  s o lv e s  the problem o t  
pH f lu c tu a t io n .
Serum
I t  i s  s t i l l  poorly  understood what fa c to r s  serum p rovid es c e l l s ,  but 
i t  i s  n e v e r th e le ss  c le a r  th a t c e r ta in  types are b e tte r  than o th ers  
and that c e r ta in  'b a tch es' are more conducive to  growth than o th e r s .  
F oetal c a l f  serum (PCS), a s  opposed to  pooled human Ati serum, w h ile  
r e la t iv e ly  ex p en s iv e , seems to  be b e s t  su ite d  to  am niotic f lu id  
specim ens. Because o f i t s  animal o r ig in  PCS i s  the most l ik e ly  o f  
the t is s u e  c u ltu re  components to  con ta in  contam inants, and should  
th ere fo re  be su b jected  to  s tr in g e n t  q u a lity  co n tro l m easures.
Subculture
C e lls  from ainn iotic  f lu id  <jrow as m onolayers. These a ttach ed  c e l l s  
w il l  con tin u e growing u n t il  they cover the e n t ir e  su r fa ce  o f the  
f la s k , a s t a t e  c a l le d  'c o n tlu e n c y '. I f  the c e l l s  are not transform ed  
or m alignant, they w i l l  e x h ib it  ' co n tact in h ib i t io n ' ,  and w i l l  cea se  
d iv id in g . I t  i s  th ere fo re  very important to  e ith e r  term inate the  
cu ltu re  or su b cu ltu re  p rior to  con flu en cy  being reached.
2 .Z .4 .2 .2  H arvesting
As i s  the ca se  w ith  short-term  p erip h era l blood c u ltu r e s , the use o f  
a m ito tic  a r r e s t in g  a g en t, e g . c o lc h ic in e ,  fo llow ed  by hypotonic  
p re-treatm ent and f ix a t io n  i s  e s s e n t ia l  in secu ring  m orp h olog ica lly  
d i s t in c t ,  w e ll-sp rea d  am niotic c e l l  chromosomes (se e  s e c t io n  2 .1 .5 ) .  
however, a 0.05M con cen tra tion  of KC1 does appear to  be more 
e f f e c t iv e  in sw e llin g  am niotic c e l l s  than the 0.075M KC1 so lu tio n  
used for blood c u ltu r e s .  Furtherm ore, as opposed to  the 4:1  f ix a t iv e  
used throughout h arvestin g  and s l id e  preparation  for  blood c u ltu r e s ,  
the use o f su c c e s s iv e  changes o f 6 :1 , 3:1 and 1:1 f ix a t iv e  appears to  
iiicrove am niotic chromosome d e f in i t io n .
2 1 .4 .2 .3  D rug-treated  c u ltu r e s
In the w r it e r 's  ex p er ien ce , i t  was not p o s s ib le  to  su bcu lture a l l  
c u ltu r e s  ( i . e .  'a t - r i s k '  and c o n tr o ls )  by a 1:3 s p l i t  and a f t e r  a 
further 3 d ays, to  su bcu lture 1:3 again fo llow ed  by h arvestin g  48 
hours l a t e r , as advocated by Voss e t  a l . (1 9 8 1 ), due to  non-uniform  
growth r a te s  in d if f e r e n t  c u ltu r e s  I t  i s  however, e s s e n t ia l  th a t  
the co n tro l and 'a t - r i s k '  c u ltu r e s  being in v e s t ig a te d  be id e n t ic a l ly  
processed  a t  the same tim e , so as to  avoid b ia s .  Voss e t  a l . (1961) 
and Auerbach e t  a l . (1981) recommend th at the medium should be 
decanted and rep laced  w ith fre sh  medium con ta in in g  DUB 24 hours a f t e r  
su b cu ltu r in g . I t  was, however, found th a t t h is  may r e s u lt  in the  
l o s s  o f p o t e n t ia l ly  m ito tic  c e l l s ,  because a f t e r  24 hours, not a l l  
the c e l l s  had adhered to  the c u ltu re  su r fa c e .
DEB tea  a h a l t - l i f e  o l  4 days in aqueous s o lu t io n  (s»;e Auerbach and 
Wolman, 1976). T h erefore , i f  a chron ic  exposure tim e o f more than 4 
days i s  to  be employed, the DEB con ta in in g  medium must be decanted 4 
days a f t e r  the a d d itio n  o l DEB, fo llow ed  by the a d d itio n  o f  fresh  DEB 
and medium.
2 .3  DONG-TERN SKIN FIBROBLAST CULTURES
C ulturing o f s o l id  t ; s s u e  i s  one o f the o ld e s t  c y to g e n e tic  lab oratory  
tech n iq u es. The beginning o f  s u c c e s s fu l t i s s u e  c u ltu re  i s  accepted  
to  be H arrison 's  experim ents in 1907 whereby tie managed to  c u ltu re  
frog axons ( . .a r n s o n , 1907). S evera l rep orts  d escr ib in g  t is s u e  
c u ltu re  appeared p r ior  to  1907, but most o f the e a r ly  attem pts to  
c u ltu re  t i s s u e s  and c e l l s  were hampered by inadequate media 
form u lations and in fe c t io n  (P au l, 1975).
When c e l l s  are cu ltu red  from a t is s u e  b iopsy (or am niotic f l u i d ) , the 
f i r s t  outgrowth o f c e l l s  i s  referred  to  as a primary c u ltu r e . A fter  
one su b cu ltu re , the term s e r ia l  or long-term  c u ltu re  i s  used ( P r ie s t ,  
1977). Advantages o f using long-term  c u ltu r e s  for  chromosome 
a n a ly s is  in c lu d e :
i .  c e l l s  may be sto red  in  l iq u id  n itrogen  and r e tr ie v e d  when
needed (see  s e c t io n  2 .4 ) :  and
i i .  m u ltip le  su b cu ltu res are a v a ila b le  w ithout returning to  the
p a t ie n t .
2 .3 .1  In d iv id u a ls  stu d ied
F ib ro b la sts  from a diagnosed male FA homozygote were s tu d ied ; he was 
the a f fe c te d  proband s ib l in g  o f  the f o e t u s - a t - r is k .  (See s e c t io n  
2 .2 .1 )  A sk in  b iopsy o f the proband's fa th er  grew poorly  in  c u ltu re  
and fa i le d  to  y ie ld  m etaphases. Skin b io p s ie s  were in d ica ted  in  
th ese  2 ca se s  to  serve  as E'A p o s it iv e  and FA h eterozygote  c o n tr o ls  
tor the am n iocen tesis  to  he performed on the pregnant mother o f the  
proband. (See s e c t io n  2 .2 .1 )  A sk in  b iopsy was su b seq u en tly  taken  
from the aborted fo e tu s  which had been diagnosed a s  an a f fe c te d  FA
homozyqote/ in  o r d e * to  v e r if y  the am n iotic  d ia g n o s is .
2 .3 .2  Skin b iop sy  procedure
Skin b io p s ie s  were a s e p t ic a l ly  ob ta in ed  from the inner a sp ec t o f  the  
p a t ie n ts '  forearm s. The 'pinch s k in ' b iop sy  technique was used 
whereby the c lea n sed  sk in  i s  pinched between s t e r i l e  fo rcep s and a 
sm all p iece  i s  removed using a sharp curved s t e r i l e  s c is s o r s  or 
s c a lp e l (P r ie s t ,  1977). The derm is must be included in  th e specim en, 
as in d ica ted  by b leed in g  a t the in c is io n  s i t e . The b iop sy  was then  
im m ediately placed in s t e r i l e  medium w ith  a n t ib io t i c s  for tr a n sfe r  to  
the lab oratory .
2 .3 .3  C ulture procedure
2 -3 .3 .1  M ateria ls used in the c u ltu re  p rocess  
As for am niotic  f lu id  c e l l  c u ltu r e s  -  see  s e c t io n  2 .2 .3 .1 .
2 .3 .3 .2  I n it ia t io n  o f f ib r o b la s t  cu ltu re  
S t e r i le  techn iq ues must be employed -  see  s e c t io n  2 .2 .3 .2 .
'P la n t in g ':
i .  The specimen vas p laced  in a few drops o f  medium (Hams F10) in  
a s t e r i l e  g la s s  p e tr i  d ish  and was c o n s ta n tly  kept m oist
i i .  The specimen was cu t in to  +_ lmm2 p ie c es  using a sharp
s c a lp e l w ith minimal handling to  avoid tea r in g  o f  t i s s u e  
(Attachment to  the growth su r fa ce  i s  c r u c ia l to  growth : 
la rg er  p ie c e s  tend to  f lo a t  o f f  tne growth su r fa c e , w h ils t  
p ie c e s  which are too  sm a ll, take longer to  e s t a b l is h  
th e m se lv e s .)
i i i .  In d iv id u a l ex p la n ts  were picked up with a s t e r i l e  d isp o sa b le  
p ip e t te  p lu s  rubber bulb and 12-16 p ie c e s  ( in  3 or 4 rows) 
were placed in  c u ltu re  f la s k s  o f  i minimum s iz e  o f  25 cm3.
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iv .  A ll ex cess  medium was removed from the c u ltu r e  f la s k s  •
v . Each exp lan t was y e n tly  surrounded v.ith a drop o f FCS.
v i .  The ex p la n ts  tnthed in serum were incubated a t  37°C fo r  24
hours.
v i i . 5mi whole medium (Hams F10 + 20% FCS) was y e n t ly  added to  each  
f la s k  -  the liq u id  flow  was d ir e c te d  to  the top  o f the f la sk  
so  as to avoid  d is lo d g in g  th e ex p la n ts
v i l i .  The f la sk s  were gassed  w ith  5% 002 in a ir ,  again  d ir e c t in g  
th e gas flo w  towards the top  o f the f la s k s ,
i x .  The c u ltu re s  were l e f t  undistrubed for a fu rth er  7 days before
th ey  were ted  i . e .  spent medium was d iscarded  and then  
rep len ish ed  w ith fre sh  whole medium.
2 .3 .3 .3  Feeding
As for am niotic f lu id  c e l l  c u ltu r e s  -  see  se c t io n  2 .2 .3 .3 .
2 .3 .3 .4  S u b cu itu ring
As for am niotic f lu id  c e l l  c u ltu r e s  -  see  se c t io n  2 .2 .J .4 .
2 .3 .3 .5  Metaphase a r r e s t
As for am niotic f lu id  c e l l  c u ltu r e s  -  see  s e c t io n  2 .2 .3 .5 .
2 .3 .3 .6  H arvesting
As for am niotic f lu id  c e l l  c u ltu r e s  -  see  se c tio n  2 .2 .3 .6 .
2 .2 .3 .7  S lid e  preparation
As for perip h eral blood lym phocytes and am niotic  f lu id  c e l l s ,  but 1:1
f ix a t iv e  was used as opposed to  4 :1  f ix a t iv e  -  see  s e c t io n
Ilf
2 .1 .4 .2 .4 .3 .
2 .3 .3 .8  Drug treatm ent 
As for  am niotic f lu id  c e l l  c u ltu r e s  -  s se  s e c t io n  2 .2 .3 .8 .
2 .3 .4  D iscu ssion
Skin b iopsy p ro to co ls  d i f f e r  from lab oratory  to  la b ora tory . The 
method used ir  t h is  study i s  a m o d ifica tio n  o f a m i n t o f  d if fe r e n t  
techn iq u es (se e  P au l, 1975). General p r in c ip le s  are how ver th e same 
and in v o lv e:
i .  in c lu s io n  o f dermis so that f ib r o b la s t  c e l l s  may grow out 
from the exp lan t to  form a primary c u lt u r e ; by su b c u ltu r in g , 
long-term  ( s e r ia l )  c u ltu r e s  are obtained ( i t  must tiovever 
be remembered th at normal d ip lo id  c e l l s  have a f i n i t e  
l i f e - s p a n )
i i .  a s u ita b le  method to  anchor the primary ex p la n ts  in the  
c u ltu re  v e sse l
i i i .  appropriate growth c o n d it io n s  tor c e l l  c u ltu r e ;  and
i v .  a 3-6 week in te r v a l u etore chromosome s tu d ie s  can be 
undertaken.
Skin b iop sy  may cause d iscom fort to  the p a t ie n t  and by comparison to  
short-term  p erip h era l blood c u l t u r e s , the techn iq ues involved  are  
la b o r io u s and time oon scn in g . Thus, long-term  f ib r o b la s t  c u ltu r e s  
are o n ly  undertaken when in d ic a te d . I t  was thus decided  th a t the  
present study d id  not warrant f ib r o b la s t  c u ltu r e s  on a l l  the FA 
homozygotes and h etero zy g o tes  s tu d ie d .
The t i s s u e  c u ltu r e s  on the fa th er  and proband were e s ta b lish e d  in the 
same lab oratory  where the FA 'a t - r is k '  am n iocen tesis  was performed 
and in i t i a t e d .  The method was very s im ila r  i f  not id e n t ic a l  to  that 
d escrib ed  h ere. Su bcultu res were su b seq uen tly  transported  by hand to  
our la b oratory . The fo e ta l  sk in  was conveyed d ir e c t ly  to  our 
lab oratory  fo llo w in g  d e liv e r y  o f the fo e tu s .
4
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2 .4  LONG-TERM STORAGE OF CEL I, CULTURES
Abnormal or experim ental am n iotic and f ib r o b la s t  c e l l - l i n e s  can be 
preserved for  fu ture usage in a frozen s t a t e  tor  many years w ithout 
s ig n if ic a n t  lo s s  o f  v i a b i l i t y .  Freezing c e l l s  w ithout causing c e l l  
death i s  p o s s ib le  due to  the d is c o v e r ie s  th at g ly c e r o l and dim ethyl 
sulphoxide (DMSO) p ro tec t c e l l s  from ic e  c r y s t a l l i z a t io n  during 
freez in g  (Lawee and Hack, 1980).
2 .4 .1  C e l l - l in e s  stored
During the course o f the presen t study 2 FA homozygous and a number 
o f co n tro l c e l l - l i n e s  ( normal for  the FA gene) were fro zen .
2. 4 .2  M ateria ls used in the storage  p rocess
i . Whole medium -  a n t ib io t ic  ( p e n ic i l l in  and streptom ycin)
supplemented Hams F10 medium + 20% PCS
i i . Dimethyl su lph oxide (DMSO) -  autoelaved
i i i . S t e r i le  2mi g la s s  ampoules w ith f la m e-se a la b le  necks
iv . Gas torch s e a le r
V. 4°C r e fr ig e r a to r
VI. - 6 5 ° C  m echanical f r e e z e r
v i i . - 1 9 6 ° C  liq u id  n itrogen  freezer
2. 4 .3  Preparation of c e l l s  for freez in g
The method used i s  a m o d ifica tio n  o t th a t of Shannon and Maey (1 9 7 3 ).
S t e r i le  techn iq ues were employed throughout ( see  s e c t io n  2 .2 .3 .2 ) .
i .  C ultures which were not 'o v e r ly ' co n flu en t and would norm ally
be ready for term ination  or su b c u ltu r in g , were chosen for  
p reserv a tio n .
i i .  A s t e r i l e  s i l i c o n  scraper was used to  g e n t ly  scrape c e l l s  o f f
the f la s k  su r fa ce  in  p rev io u s ly  marked growth areas and the  
f la s k  was g e n t ly  shaken.
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i i i .  The suspended c e l l s  were c a r e fu l ly  tra n sferred  from the  
o r ig in a l  f la s k  in to  a s t e r i l e  c e n tr ifu g e  tu o e .
iv .  The c e l l  suspension  was then c en tr ifu g e d  a t  1000 rpm fo r  5 
m inutes.
v . The supernatant was d eca n ted .
v i .  The c e l l  p e l l e t  was g e n t ly  resuspended in approxim ately 1ml 
freez in g  m ixture c o n s is t in g  o f  90% com plete '‘ium + 10% 
s t e r i l e  DMSO (the amount o f fr e ez in g  m ixtut 1 i s  d ir e c t ly
p rop ortion a l to  the s i z e  o f th e c e l l  p e l l e t ) ,
v i i .  + 1  ml c e l l  suspension  was added to  each g la s s  ampoule by 
means o f a s t e r i l e  Pasteur p ip e t te  p lu s rubber ha lb .(T h e  
ampoules were p r e - la o e lle d  w ith  th e d a te , c u ltu re  number and 
name o f the p a t i e n t . )
v i i i .  Im m ediately th e r e a f te r , the ampoule was fla m e-sea led  (prompt 
s e a lin g  o f ampoules p reven ts pH change).
2 .4 .4  Freezing c e l l s
i .  Sealed  ampoules were kept a t  4°C for  se v e r a l hours,
i i .  The ampoules were then kept a t  -65°C for  a fu rth er  8-10 hours,
i i i .  The ampoules were th e r e a fte r  d ir e c t ly  tra n sferred  to  a l iq u id  
nitrogen  f r e e z e r , where they can be sto red  in d e f in i t e ly .
2 .4 .5  Thawing
i .  I t  i s  important to  know e x a c t ly  which ampoule i s  required and 
i t s  lo c a t io n  in the liq u id  n itrogen  fr e e z e r .
i i .  The ampoule i s  removed from the fr e ez er  anr* im m ediately placed  
in a 3 7 ° C water bath: thawing occu rs ra p id ly  -  w ith in  1
m in u te .
i i i .  The thawed c e l l s  are a s e p t ic a l ly  tra n sferred  to  a c u ltu re  
f la s k  co n ta in in g  a t  l e a s t  5 tim es the amount o f  com plete 
medium as th e fr e ez in g  m ix tu re .
i v .  A fter 24 hours, the sp ent medium i s  g e n t ly  poured o f f  and 
rep laced  w ith 5ml whole medium.
v . The c u ltu r e  i s  g e n tly  gassed  w ith  5% 002 in a i r .
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v i .  Si<>sequent procedure-li i . e .  teed in q /su tx ru ltu r in g /h a rv estin g  are  
a s  tor  ainniocic f lu id  or f ib r o b la s t  c e l l  c u ltu r e s . ( Frozen 
aim lo t  ic  and f ib r o b la s t  c e l l s  from ttie FA hoi no zygote have not 
as y e t  been thawed, but o th er  frozen  c e l l s  have been 
s u c c e s s fu l ly  thawed and c u ltu r e s  have been e s ta b lis h e d , using  
the above-d escrib ed  m ethod.)
2 .4 .6  D iscu ssion
With the advent o f  an in crea sin g  array o f new and e x c it in g  
developm ents, p a r t ic u la r ly  in  the f i e l d s  o f  m olecular and b iochem ical 
g e n e t ic s , i t  i s  e s s e n t ia l  th a t a l l  unusual c e l l -  in e s  should be 
preserved by fr e e z in g . These s to red  c e l l - l i n e s  may then be used 
e ith e r  fo r  fu rth er  in v e s t ig a t io n s  or as co n tro l c u ltu r e s  when o th er  
s im ila r ly  'a t - r is k '  in d iv id u a ls  or am n iotic  f lu id s  from 'a t - r is k '  
fo e tu se s  are in v e s t ig a te d .
Caution must be e x ce r c ise d  in ensuring th a t a l l  ampoules con ta in in g  
c e l l s  to  be froaen , are co m p lete ly  sea led  -  i f  a sm all leak  i s  
p r e se n t, l iq u id  n itrogen  can en ter  the frozen ampoule, causing i t  to  
explode when thawed, due to  the rapid expansion of the liq u id  
n itro g e n .
2 .5  TRYPSIN -  GIKMSA BANDING
2 .5 .1  Method
The method employed was a m o d ifica tio n  o f th a t developed by P r ie s t  e t  
a l .  (1975):
i .  1-2 day o ld  s l id e s  were g e n t ly  a g ita te d  in 50ml Phosphate 
Buffered S a lin e  (PBS -  pH7.3) p lu s 0.05% T rypsin . The PBS 
+ tryp sin  s o lu t io n  was i n i t i a l l y  prewarmed to  37°C. The 
tr y p s in iz a t io n  time depended on the age o f the s l i d e .  (Cold 
PBS + try p sin  was used for  am niotic c e l l  and f ib r o b la s t  
chromosomes).
i i .  A fter try p sin  treatm ent, the s l id e s  were r in sed  in  a s o lu t io n  
made up o f 47.5m l PBS + 2.5ml fo e ta l  c a l f  serum (a t  room T°) 
for approxim ately 5 seco n d s,
i i i .  The s l id e s  were then r in sed  in 50ml PBS (a t room T°) for  
approxim ately 5 seco n a s.
i v .  The r in sed  s l id e s  were im m ediately s ta in ed  in 4% Giemsa in  
phosphate b u ffer  (pHb.8 ) for approxim ately 4 m inutes,
v . Follow ing s ta in in g , the s l id e s  were washed g e n t ly  in  tap water 
and c a r e fu l ly  b lo t te d  dry w ith  f a c ia l  t i s s u e s .
2 .5 .2  D iscu ssion
Ageing o f s l id e s  p r io r  to  banding, e ith e r  by stand ing the fr e sh ly  
made s l id e s  a t  room temperature for about 48 hours or by p lac in g  the 
s l id e s  in a 37°C incubator o v ern ig h t, was found to  d ecrease  'fu zzy '  
banding and to  enhance the co n tra st o f  the bands. Fresh s l id e s  
should thus be avoided (th e  reason why ageing improves banding 
q u a lity  i s  unknown).
In order to  a sc e r ta in  the presen ce/ab sen ce o f s ta b le  s tr u c tu r a l  
and/or num erical chromosomal a b n o rm a litie s  (e ith e r  c o n s t itu t io n a l or 
acquired by ev o lu tio n  o f  a s ta b le  abnormal c lo n e  from an i n i t i a l l y  
u n stab le  c e l l ) ,  one s l id e  from each ca se  was r o u tin e ly  trypsin-G iem sa  
banded. T h erea fter , 10 metaptiases per p a tien t were an a lyzed , 5 
metaphases photographed and 2  o f the la t t e r  metaphases were 
karyotyped. (Photographic tech n iq u es were the same as  d escr ib ed  in  
s e c t io n  2 .6 .3  tor non-banded p rep a ra tio n s).
2 .6  (JUAUTtTATION OF CHKUMaSOMK PAMAGF
2 .6 .1  Chromosome s ta in in g
i .  S lid e s  ( f r e s h ly  made or aged) were placed  in  a co p lin  gar 
con ta in in g  10% Giemsa in  Phosphaue b u ffe r , pH 6 . 8  for  5 
m inutes.
i i .  S ta ined  s l id e s  were then washed in tap water and c a r e fu l ly  
b lo tte d  dry.
2 .6 .2  Scoring technique
The c e l l c  .se lected  in  good prep aration s tend to  be o f b e tte r  q u a lity  
thtin th ose in in te r io r  p rep a ra tio n s. To avoid  t h is  type o f b ia s ,  a 
standard tor c e l l  s e le c t io n  must be s e t  and adhered to ,  whether the  
s l id e  q u a lity  i s  good or n o t.
C onsecutive metaphases judged to  be com plete under high-power 
m a g n ifica tio n , w ith w e ll-d e fin e d  chromosome morphology, were s e le c te d  
for stu d y . Chromosome breakage was scored  'b lin d ly *  from ooded 
s l id e s  so  a s  to  avoid  fu rtiier  ' s c o r e r ' b ia s  (Schwartz e t  a l . ,  1983).
Breakage a n a ly s is  was i n i t i a l l y  perform ed, where p o s s ib le , on 50 
Giemsa sta in ed  metaphases per in d iv id u a l, tor  every  drug 
con cen tra tion  s tu d ie d . A fter seek in g  s t a t i s t i c a l  ad v ice  from the  
I n s t i t u t e  tor R io s t a t i s t i c s  (Transvaal Branch) as to  the sample s iz e  
required  tor s t a t i s t i c a l l y  v a lid  co n c lu s io n s  to  be drawn, i t  was 
decided to  screen  30 metaphases tor  each experim ental con cen tration  
and medium in a p a r tic u la r  case -  due to  th e o ften  poor m ito t ic  index 
in  FA homozygotes, 30 metaphases per c a s e ,  i s  more uniform ly  
ob ta in a b le  in most c a s e s . Each metaphase w ith  a com plete appearance,,  
under high power m agn ifica tion  ( i . e .  1 0 0 0  tim es) was scored tor  
nunber and typ es o f s tr u c tu r a l a b n o rm a litie s  (see  Appendix B for  
scor in g  s c h e d u le ) .
The nom enclature and c r i t e r ia  a p p lied  tor scoring breakage was based 
on the 1 In tern a tio n a l system  tor human cy to g e n e tic  nom enclature1 
( ISCN-1978) .  More s p e c i f i c a l ly ,  the fo llo w in g  d e f in it io n s  were 
a p p lied :
I .  CHROMATID ABERRATIONS -  in vo lve  o n ly  1 chromatid o f a 
chromosome a t  a g iven  lo c u s .
i .  Chromatid gap -  a d is t in c t  achrom atic l e s i o n , l e s s  than the  
width o f the chromatid in  which i t  app ears, in  a s in g le
mchrom atid, w ith minimal nalalignm ent o f the chrom atid . (F ig .
2 . 1 -a )
i i .  Chromatid break -  a d i s t in c t  achrom atic le s io n ,  g rea ter  
than the width o f the chromatid in which i t  appears, in  a 
s in g le  chrom atid, e ith e r  w ith  or w ithout the d i s t a l  fragment 
o f the chromatid being d isp la ce d  from the a x is  o f  the proximal 
arm .(F ig . 2 .1 -b )
i i i .  Chromatid d e le t io n  -  a lo s s  o f  the term inal p o rtion  o f one 
ch rom atid .( Fig . 2 . 1- c )
iv .  Chromatid exchange -  the r e s u lt  of two or more chromatid  
breaks and the subsequent rearrangement of ttie chromatin  
m a te r ia l. Exchanges may be between chrom atids o f  d i f fe r e n t  
chromosomes ( in terch a n g es) or between chrom atids o f  the same 
chromosome ( in trach an ges) .  In terclianges may be c la s se d  as
a) t r ir a d ia ls  -in terch a n g es w ith 3 arms (F ig . 2 .1 -d )
b) q u a d r ira d ia ls  -  in ter c tw ig e s  w ith 4 arms (F ig . 2 .1 -e )
c ) complex -  in terchanges w ith  more than 4 arms.
I I .  1SQCHKOMATID (Q<K)MOSOME) ABERRATIONS -  in vo lve both
chrom atids o f a s in g le  chromosome a t the same lo c u s ,
i .  Isochrom atid gap -  d efin ed  id e n t ic a l ly  to  chrom atio gap , but 
in vo lv in g  an achrom atic le s io n  l e s s  than a chromatid in  width  
a t  the same locu s in both chrom atids o f a s in g le  chromosome. 
(The term ' isochrom .itid gap* i s  synonymous w ith 'chromosome 
gap' and ' is o lo c u s  g a p ' ) . ( F ig .  2 .2 -a )
i i .  Isochrom atid break -  io e n t ic a l ly  d e fin ed  to  'chrom atid
b rea k ', excep t th a t both chrom atids are broken a t  the same 
lo cu s  o f a s in g le  chromosome. (The term s 'chromosome break' 
and ' iso lo c u s  break' are synonymous w ith  ' isochrom atid break') 
(F ig . 2 .2 -b )
i i i .  A cen tric fragment -  paired chrom atids th a t l i e  p a r a l le l  to  
one another, but con ta in  no centrom ere (F ig . 2 .2 -c )  and are  
not in c lo s e  a s so c ia t io n  w ith  an abnormal m onocentric  
chromosome. (F ig . 2 .2 -d )
iv .  Minute -  an a c e n tr ic  fragment sm aller  than the width o f a 
s in g le  chrom atid,
v . Chromosome exchange -  the r e s u lt  o f two or more isochrom atid  
l e s io n s  and the subsequent re jo in in g  o f  both chrom atids in  a
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1 Chromatid a b erra tio n s -  diaqram acic rep resen ta tio n  o t (a) 
chromatid yap; (b) chromatid break; (c ) chromatid 
d e le t io n ; (d) t r ir a d ia l  t ig u re ; and (e ) qu ad rirad ia l 
f ig u r e .
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Figure 2 .2  Isochrom atid ab erra tio n s -  diaqramat.ic rep resen ta tio n  o f
(a) isochrom atid gap: (h>) isochrom atid  break; (c)  
a c e n tr ic  fragm ent; (d) isochrom atid d e le t io n , (e ) ring  
chromosome; ( t)  r ec ip ro ca l tr a n s lo c a t io n ; (g) d ic e n tr ic  
chromosome.
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new cx>nfiguration on the same chromosome, producing for  
example a ring chromosome, (F ig . 2 .2 -e )  or r ec ip ro ca l  
tr a n s lo c a t io n , (F ig . 2 .2 - t )  or a d ic e n tr ic  chromosome . (F ig .
2 . 2 -g )
v i .  P u lv er iza tio n  -  m u ltip le  chromatid and/or isochrom atid gaps 
and/or breaks in  such a high frequency th a t they cannot be 
a c cu ra te ly  enunwrated,
v i i . M uitibreak c e l l s  (p a r t ia l  p u lv e r iz a tio n )  -  c e l l s  con ta in in g  
more than 30 breaks and/or gap s,
v i i i .  K nooreauplication -  chromosome doubling occu rs w ithout
com plete sep ara tion  o f the chrom atids o f  the paired  b iv c le n t s ,  
so th at a t  m etaphase, the c e l l  c o n s is t s  o f  46, four-strand ed  
s t r u c tu r e s .(F ig .  2 .3 )
In t h is  stud y , s tr u c tu r a l rearrangem ents, in clu d in g  chromatid 
exchange c o n fig u r a t io n s , d ic e n t r ic s ,  r in g s  and obvious tr a n s lo c a tio n s  
were considered  an 2 creak e v e n ts . Chromatid and isochrom atid gap s, 
breaks and d e le t io n s  were scored  as  s in g le  breaks. P u lverized  or 
p a r t ia l ly  p u lv er izeo  c e l l s  and en o o red u p lica tio n s were recorded as  
u n stab le  c e l l s ,  but were not included in  the f in a l  breakage r a t e s .
The ab erra tio n s were t o t a l le d  and recorded a s:
i .  b r e a k s /c e ll  -  in clu d in g  chromatid and isochrom atid gaps:
i i .  b r e a k s /o e ll -  exclu d in g  chrom atid ind isochrom atid gaps.
2 .6 .3  Photography
2 .6 .3 .1  Methods
A ll spontaneous breaks and unusual drug-induced ab erra tio n s were 
photographed w ith  an autom atic 35nmn camera attach ed  to  an SM-LUX 
L eitz  m icroscope. The metaphases were photographed under 1000 x 
m a g n ifica tion  ( 1 0 0  x o i l  immersion o b je c t iv e  p lu s a 1 0  x 
p h oto -eyep iece  in the a ttach ed  adaptor tu b e ) . The fo llow in g  
m a ter ia ls  and s e t t in g s  were used:
i .  Kodak Technical-Pan 135 b lack and w hite film
i i .  ASA 100 and Gal 2 camera s e t t in g s
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i i i .  a green photographic t l i t e r  (510r»n)
Follow ing [jhotocjraphy, the photographic n e g a tiv e s  ./ere developed in  
'P rom icol1 u l t r a - l in e  gra in  developer (Maybaker) tor 8-12 m inutes anti 
then f ix e d  in  II lo rd  Hypam rapid t ix e r  tor  5 -]0  m in utes. The 
n eg a tiv e s  were th e r e a fte r  washed in rap water for 5-10 m inutes and 
a ir  d r ie d . These n eg a tiv e s  were enlarged and p r in ted  on I lfo r d  
bromide paper ( l b . 5 x 21 .ban) and developed in I lfo r d  RJ u n iversa l 
developer tor  1-3 m inutes. A il p r in ts  were f ix e d  in I lfo r d  Hypam 
rapid f ix e r  for  5-10 m inutes and then washed in running tap water for  
30-45 m inutes. F in a lly , the photographic p r in ts  were heat d r ie d .
2 .6 .3 .2  Comments
The usual goal o f photomicrography i s  to r eso lv e  th e d e t a i l s  o f 
chromosomes. I t  i s  th erefo re  necessary  to  employ g rea t care in a l l  
a sp ec ts  o f m icroscopy and photography so as to  enable the production
0. 16 .5  x 21 .ban enlargem ents ol metapliases s u ita b le  for  
karyctypin g. However, the r e so lu t io n  obtained  in photographic 
enlargem ents i s  never as good a s  tliat seen under d ir e c t  v is io n .  
Furthermore, depending on the ptiotographic development and p r in t in g , 
photographs may mask or enhance c e r ta in  chromosomal ab erra tion s such  
as gaps versus breaks and d ic e n tr ic s  which [>hotographicaliy, may 
appear as tw isted  chromosomes. For th ese  r ea so n s , a l l  chromosome 
breakage a n a ly ses  were done under d ir e c t  m icroscopic v is io n  so as to  
avoid p o s s ib le  b ia s  crea ted  by photography.
2 .6 .4  D iscu ss io n
I t  i s  g e n e r a lly  accepted  that isochrom atid ab erra tio n s u su a lly  
o r ig in a te  from damage during the pre-DNA s\ th e t ic  period i . e .  the Gl 
and e a r ly  S s ta g e s  o f the c e l l  c y c le ,  and co n v erse ly , chromatid 
a b erra tion s are ttie r e s u lt  ot damage in  the post-DNA sy n th e tic  period
1 .e .  damage during la t e  S, G2 or M (Cohen e t  a l . ,  1967; Buckton and 
Evans, 1973). Thus, isochrom atid breaks in f i r s t  d iv is io n  metaphases 
w il l  appear a s chromatid breaks in the fo llo w in g  second d iv is io n
m etaphases/ whereas chromatid breaks in  f i r s t  d iv is io n  metaphases 
w ill r e s u lt  in isochrom atid  breaks in second d iv is io n  m etaphases. 
Since the c u ltu r e s  s tu d ied  d id  not c o n s is t  of synchronous p op u la tion s  
o f c e l l s ,  both chromatid and isochrom atid ab erra tio n s may be combined 
for a v a lid  breakage a n a ly s is .
The morphology o f some chromosome-type a b erra tio n s  may r e s u lt  in 
scorin g  d isc r e p a n c ie s . D ic e n tr ic s , tor exam ple, are o ften  d i f f i c u l t  
to  id e n t ity  in unbanded chromosomes, a s  isochrom atid c o n s tr ic t io n a  
can m orphologically  im ita te  cen trom en c c o n s tr ic t io n s .  Furthermore, 
an unbanded chromosome w ith a 1 tw is t 1 in  i t  may a ls o  resem ble a 
d ic e n tr ic  chromosome. Small ring chromosomes are alm ost im p ossib le  
to  d is t in g u is h  from sm all a c e n tr ic  fragm ents. In a d d it io n , the  
scorin g  of chrom atid /isochrom atid  uaps/breaks i s  dependent on 
r e la t iv e  c r i t e r ia  such as the s iz e  o f tlie achrom atic le s io n s  
in v o lv ed . Thus, s in c e  a l l  a n a ly ses  are su b je c t iv e  to  a c e r ta in  
e x te n t , d ir e c t  com parisons o f published data are u n accep tab le . I t  i s  
th erefo re  im perative to  m aintain un iform ity  of scor in g  w ith in  a 
s in g le  study by the same scorer  analyzin g a l l  metaphases o f  a l l  
in d iv id u a ls .
Buckton and Pike (1964) show d that u n stab le  chromosomal 
ab n orm alities are more frequent in 48-hour c u ltu re s  o f PHA-stimulated 
lymphocytes from irra d ia ted  adult than in  72-hour c u ltu r e s ,  
presumably due to  some lo s s  o f th is  type o f ab erration  a f t e r  the  
f i r s t  if v itr o  c e l l  d iv i s io n .  S ince the proportion o f second  
d iv is io n  metaphases in crea ses  a fte r  48 hours, the la t t e r  4 8 -hour 
period i s  g e n e ra lly  th e optim al cu ltu re  tim e recommended for studying  
chromosome breakage in  W A-st imulated c u lt u r e s , so  as to o b v ia te  the  
d e c lin e  of un stab le a b erra tio n s  and d er ived  changes w ith subsequent 
d iv i s io n .  U ow ver, Hatcher and Hook (1970) noted some second  
d iv is io n  metaphases in 48-hour cord blood lymphocyte c u ltu r e s .  
M utchinick e t  a l . (1981) confirmed p rev iou s rep orts  by d u 'ers  th at  
more than 2 0 % second d iv is io n  metaphases are u su a lly  found n 
standard 43-hour PHA-stimulated lymphocyte c u ltu r e s , thus in trod ucing  
co n sid erab le  b ia s  in th e study o f s o -c a l le d  f i r s t  d iv is io n  
m etaphases.
In the ca se  o f FA# th ere  i s  some debate as to  the j u s t i f i c a t io n  for  
using 72-hour PHA-stimulated c u ltu r e s  to  stud y  chromosome 
a b e r ra tio n s . T h e o r e t ic a lly , i t  a d e f ic ie n t  DNA rep a ir  mechanism i s  
involved  in the production o f ttie spontaneous chromosome in s t a b i l i t y  
seen  in FA, (see  s e c t io n  1 .8 ) ,  one would exp ect a s im ila r  frequency  
o f  chromosome a b erra tion s in f i r s t  and/or second d iv is io n  m ito se s .  
However, M utchinick e t  a l . (1981) found in  3 s ib s  w ith  FA th a t the  
number o f s tr u c tu r a l a b e r r a t io n s , the nunuer o f c e l l s  with  
a b erra tio n s and the ra te  o f ab erra tio n s per c e l l  was markedly higher  
in  f i r s t  - ' v i s io n  metaphases a s  opposed to  second d iv is io n  
m etaphases. Furthermore, a homogeneous d is tr ib u t io n  o f ab erration s  
in  d if fe r e n t  t i s s u e s  would be exp ected , which c e r ta in ly  does not 
appear to  be the case  in in v itr o  s tu d ie s  (se e  s e c t io n  1 . 6 ) .
Although th ese  f in d in g s  tend to  in d ica te  th a t 48-hour c u ltu re s  may be 
more in form ative in breakage s tu d ie s ,  Sasaki (1975) has noted th at FA 
c e l l s  pass more s lo w ly  than normal c e l l s  through the S and G2 phasec 
o f the c e l l  c y c le .  C onsequently, the m ajority  o f FA c e l l s  c o lle c te d  
a t  70 to  74 hours were found s t i l l  to  be in f ir s t  m ito s is .
From a p r a c t ic a l v iew p oin t, 6 6 -hour PHA-stimulated c u ltu re s  were 
stu d ied  in order to  f a c i l i t a t e  some measure o f comparison w ith  
published data by Auerbach e t  a l . (1981) and data obtained by Marx e t  
a l . (1 9 8 3 ). (The present data are a ls o  compared to  the f in d in g s  o f  
Cohen e t  a l . (1982) who employed a 96-hour cu ltu re  period  -  r e fer  to  
Tables 3.11 and 3 .1 3 ) . Furthermore, FA lymphocytes o ften  have a low  
m ito t ic  index (see  se c t io n  1 .7 .1 )  r e su lt in g  in too tew me aphases 
a f t e r  48 hours. Although th is  problem can be overcome to  a c e r ta in  
e x te n t by in creasin g  the c o lc h ic in e  exposure tim e, longer exposure  
tends to  r e s u lt  in g rea ter  co n tra c tio n  of the chromosomes which may 
then mask the more su b tle  ab n orm alities  such as chromatid gaps.
With resp ect to  chromosome s ta in in g , non-banded chromosomes are 
u su a lly  stu d ied  as banding may a ls o  mask th e appearance of c e r ta in  
a b e r ra tio n s , such as gaps and breaks, p a r t ic u la r ly  in  n e g a tiv e ly  
sta in ed  G- or R-banos.
One con stant source o f con fu sion  in  com parative chromosome
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i n s t a b i l i t y  s tu d ie s  i s  the in c lu s io n /e x c lu s io n  o f chromatid and 
isochrom atid  gaps in the rejw rted r e s u l t s .  R evel1 (1959) appears to  
have been the t i r s t  to  sco re  gaps and breaks se p a ra te ly  itecause he 
su sp ected  th a t gaps 'were not true d is c o n t in u it ie s  but short 
unstained reg io n s in  the ch ro m a tid s'. For sev e r a l y e a rs , many 
c y to g e n e t ic is t s  have considered  gaps to  be in s ig n if ic a n t  a r t e f a c t s ,  
and although noting  them, have not included them in th e ir  f in a l  
ab erration  s c o r e s .
Brogger (1982) has drawn a tte n t io n  to  the fa c t  thr-t two 
m orp h olog ica lly  in d is t in g u ish a b le  typ es o f gaps occur : the 
•c la s to g e n ic ' (DNA damage) type and the 'tu ro a g en ic ' (no ENA damage) 
ty p e . In a d d it io n , many gen otox in s have been found to  induce 
dose-dependent gaps ( I b id ) .  In prep arations s e q u e n t ia lly  stu d ied  by 
l ig h t  and e le c tr o n  m icroscopy, ab erra tio n s c la s s i f i e d  as  gaps have 
appeared as  e ith e r  c lean  breaks, or a tten u a tio n s  w ith chromatin o f  
varying th ick n ess  extending a cro ss  th e region  (B rink ley  and 
H ittlem an , 1975). Gaps and breaks thus cannot be unambiguously 
d is tin g u ish e d  using conven tion al Giemsa s ta in in g  and l ig h t  
m icroscopy. Brogger (1 9 8 2 ), l ik e  Hsu (1979a), th ere fo re  has 
recommended th a t gape and breaks should be scored in the same c la s s  
o f a b erra tio n s . This recommendation was fo llow ed  in  the present 
study, out s in c e  most prev iou s s tu d ie s  do not in clu de gaps, the  
r e s u lt s  were a ls o  tab u la ted  and s t a t i s t i c a l l y  analyzed excluding  
gaps.
2 .7  STATISTICAL MKTHOIXS
2 .7 .1  S t a t i s t i c a l  a n a ly s is  o f p er ip h era l blood  
lymphocyte chromosome breakage r e s u lt s
The w r iter  w ishes to  acknowledge th a t a l l  s t a t i s t i c a l  a n a ly ses  were 
k in d ly  performed by the s t a f f  o f the I n s t i tu te  for B io s t a t i s t i c s  
(Transvaal Branch) o f  the South A frican Medical Research C ou n cil.
Three s t r e s s  v a r ia b le s  were considered  to  have s u f f i c i e n t ly  la rg e
sample s i z e s  for  v a lid  s t a t i s t i c a l  co n c lu s io n s  to  he drawn. (Refer  
to  Table 3 .4 . )  The 3 c a te g o r ie s  included in the s t a t i s t i c a l  a n a ly s is  
were: i . F10 medium: Spontaneous breakage (no . o f  c a se s  = 113:
no. o f  c e l l s  = 4231)
i i . F10 medium + DKB [0 .1  /iq/ml ] (no. o f  c a se s  - 53; no. o f
c e l l s  = 2338)
i i i .  F10 medium + MMC [0 .0 1  /iq /m l] (no. o f  ca se s  = 36; no. 
o f c e l l s  = 1055)
The c r i t e r ia  on which a l l  s t a t i s t i c a l  a n a ly ses  were based was (a) the 
number o f  chromosome breaks per c e l l  and (b) the number o f  unstab le  
c e l l s .  P rior to  the a p p lic a tio n  o f r e lev a n t s t a t i s t i c a l  t e s t s , every  
in d iv id u a l breakage value for a l l  3 v a r ia b le s  was corrected  by 
su b tra c tio n  o f i t s  matching normal co n tro l v a lu e , so  as to  exclude  
the e f f e c t s  o f  ex tern a l ( i . e .  te c h n ic a l/la b o r a to r y )  fa c to r s . Thus, 
the remaining d if fe r e n c e  may be considered  to  be due prim arily  to  the  
e f f e c t  o f  the s p e c i f ic  s t r e s s  a g e n t, or may r e f l e c t  inherent 
chromosomal f r a g i l i t y .  The co rrectio n  was n o t , however, app lied  when 
co n tro l breakage r e s u lt s  were compared to  o th er ph en otyp ic/genotyp ic  
r e s u l t s .  A lte r n a t iv e ly , le v e l s  of spontaneous breakage could a lso  
have been corrected  fo r , when a sse sss in q  induced breakage le v e l s  -  
the spontaneous breakage ra te  would be su b tracted  o u t, thereby g iv in g  
o n ly  the damage induced by the s p e c if ic  treatm ent in v o lv ed . This 
approach was not employed s in ce  ab so lu te  rather than r e la t iv e  
breakage v a lu es  were o f  in te r e s t  in the p resen t stud y .
Non-param etric t e s t s  were used for comparison purposes s in c e  the 
sam ples were reasonably small and the assum ption o f  norm ality could  
not be made on the va lu es obtained ( S ie g e l , 1956; Conover, 1971).
'W ithin c la s s e s '  a n a ly s is  o f breakage data
For every  s p e c i f ic  c la s s  eg . hom ozygotes, the Wiicoxon signed  ranks 
t e s t  was a p p lied  to a s s e s s  whether induced breakage r a te s  d if fe r e d  
s ig n i f i c a n t ly  from spontaneous breakage r a te s .  T his t e s t  was not 
employed for  a comparison between DEB and MMC s tr e s s in g  s in c e  th ese  
c la s to g e n s  were not used in the same p a t ie n ts .  (The MMC s tu d ie s  were 
commenced a t  the time th at DEB t o x ic i t y  was being experienced  -  see  
s e c t io n  4 .6 ) .
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An a n a ly s is  was performed using breakage r a te s  in clu d in g  gaps 
( s p e c if ie d  in  a l l  T ables by '+ ')  and a sep arate  s im ila r  a n a ly s is  was 
a p p lied  to  breakage r a te s  exclu d in g  gaps ( s p e c if ie d  by These
sep arate  t e s t s  g iv e  an in d ic a tio n  as  to  whether the in c lu s io n  o f  gaps 
in  c a lc u la t in g  oreakage r a te s  has a s ig n if ic a n t  e f f e c t  on o v e r a ll  
r e s u l t s .
' Between c la s s e s '  a n a ly s is  ql breakage data
For th e 3 cu ltu re  v a r ia b le s  under x in sid era tion  ( i . e .  spontaneous, 
DEB- and MMC-induced b reakage), a l l  genotypic/phienotypic c la s s e s  were 
compared in a pa irw ise manner by means o f  a non-param etric t e s t  v iz  
Mann-W hitney U -T est.
Once a g a in , as for the Wilcoxon t e s t ,  b efore the a p p lic a tio n  o f th ese  
s t a t i s t i c a l  t e s t s ,  the 'matched' ( i . e .  s im u ltan eou sly  and id e n t ic a l ly  
cu ltu red ) co n tro l breakage r a te s  were deducted from th ose  o f the  
su b je c ts  under study in  an attem pt to  exclude the p o s s ib le  
c la s to g e n ic  e f f e c t  o f ex tern a l fa c to r s .  However, s in c e  the  
homozygote, h e tero zy g o te , s ib  and fe a tu re s  c la s s e s  a ls o  had to  be 
compared to the c o n tr o ls ,  a sep arate  a n a ly s is  was performed in which 
the con tro l breakage r a te s  were not deducted from the 'experim en ta l' 
r a t e s .
Throughout the stud y , a l l  parents were regarded a s  'o b lig a to r y  
h e te r o z y g o te s '. As the p o s s ib i l i t y  o c c a s io n a lly  e x i s t s  th at the  
s o - c a l le c  fa th er  i s  in ta c t  not th e b io lo g ic a l  fa th e r , 2  sep arate  
s t a t i s t i c a l  a n a ly ses  ware done -  one in clu d in g  both the fa th ers  and 
the mothers and one in clu d in g  mothers o n ly . (Symbolized in T ables  
3.22 to  3 .24 by HETTM).
Once a g a in , a l l  s t a t i s t i c a l  com parisons were done tw ice -  inclu ding  
gaps and exclu d in g gaps in the c a lc u la t io n  o f breakage r a te s  
(sym bolised by '+' and ' - '  r e s p e c t iv e ly  in  T ables 3.22 to  3 .2 4 ) .
According to  Bonterroni (Neter and Wasserman, 1974), to  co rr e c t for  
m u ltip le  p a ir -w ise  com parisons, th e t e s t  le v e l  o f each in d iv id u a l  
t e s t  has to  be adapted so  th at the o v e r a ll  le v e l  remains o c  ( in t h is
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ca se  0 .0 5 ) .  T h erefore , the s ig n if ic a n c e  l e v e l s  among genotype p a ir s  
was taken as  0 .0 5 /k , where k eq u a ls th e number of com parisons. The 
le v e l  for  com parisons between the homozygote, h e tero zy g o te , s i o  and 
fe a tu re s  groups i s  thus 0 .0 5 /6  = 0 ,0083 ( 6  comparisons v iz .  (1) 
homozygotes v s  h etero zy g o tes; (2) homozygotes vs s ib s ;  (3) 
homozygotes v s  fe a tu r e s;  (4) h eterozygotes v s  s ib s ;  (5 )  
h eterozygotes v s  fe a tu re s  and (6 ) s ib s  v s  f e a tu r e s ) .  For 
s ig n if ic a n c e  a t  the 1 % le v e l  ( i . e .  1 h ig h ly  s ig n i f i c a n t ' )  the equation  
0 .0 1 /k  i s  a p p lied . When the variou s c la s s e s  are compared to  the  
c o n tro l group, the t e s t  le v e l  for each in d iv id u a l comparison becomes
0 .0 5 /4  = 0 .0125 to  be s ig n if ic a n t  (4 comparisons v iz  (1 ) c o n tr o ls  vs  
homo z y g o te s ; (2 ) c o n tr o ls  v s  h e tero zy g o tes; (3) c o n tr o ls  v s s ib s
and (4) c o n tr o ls  v s  f e a tu r e s ) . I t  should be noted th a t a sep arate  
value i s  required for  the la tte r -m  ntioned  com parisons because 
s l i g h t l y  d if fe r e n t  c r i t e r ia  were a p p lied  •• as p rev io u s ly  d isc u sse d , 
co n tro l v a lu es  were not deducted from 'ex p erim en ta l1 va lu es fo r  th ese  
com parisons.
2 .7 .2  S t a t i s t i c a l  a n a ly s is  o f p eriph era l blood c e l lu la r  
in s t a b i l i t y  r a te s
As w ith  the chromosome breakage r e s u lt s  (se e  s e c t io n  3 .4 .2 ) ,  the  
c e l lu la r  in s t a b i l i t y  data (se e  se c t io n  3 .4 .3 )  were a ls o  su b jected  to  
s t a t i s t i c a l  a n a ly s is .  A ll gen otyp ic/p h en otyp ic  c la s s e s  were compared 
in  a p a irw ise  manner by means o f the U -te s t  o f  Mann-Whitney fo r  the 3 
c u ltu re  v a r ia b le s  p r im arily  under co n sid era tio n  ( i . e .  spontaneous,
DEB [0 .1  /ig /m l]-  and MMC [0 .01  ^ g /m l] - induced i n s t a b i l i t y ) .
Any c e l l  w ith  one or more chromosomal a b erra tio n s  ( i . e .  both 
chromatid -  and chromosome-type a b erra tio n s) was considered  an 
' unstab le c e l l ' . Gaps were included in  the c a lc u la t io n s  o f c e l lu la r  
i n s t a b i l i t y  r a te s  s in c e  s t a t i s t i c a l  a n a ly se s  o f ab erration  r a te s  
showed no d if fe r e n c e s  when gaps were excluded from the c a lc u la t io n  o f  
breakage r a te s .  (See s e c t io n  4 .4 .2 .4 )  S im ila r ly  th e he terozygote  
c la s s  included both mothers and fa th ers  a s  p revious s t a t i s t i c a l  
a n a ly ses  revea led  no d if fe r e n c e s  when the fa th e r s  were excluded from 
the h eterozygote  group in  the c a lc u la t io n  o f  breakage r a te s . (See
s e c t io n  4 . 4 . 2 . 4 )
2 .7 .3  S t a t i s t i c a l  a n a ly s is  o t peripheral oiood lymphocyte 
'breakage-type' chrawasoinai ab erration  r e s u lt s
For the purposes o f  the present stud y , 'b reak age-typ e' a b erra tio n s  
were regarded as  chromatid and isochrom atid  gaps, b reak s, fragm ents 
and d e le t io n s .  R ings, d ic e n t r ic s ,  t r i r a d ia l s ,  q u a d r ira d ia is  and 
complex exchanges c o n s t itu te d  the s o -c a l le d  ' reu n io n -ty p e ' 
a b e r r a t io n s . S ince the cum ulative r e s u lt s  ( i . e .  breakage- and 
reu n ion-type a b erra tio n s) d id  n o t, apart from the hom ozygotes, show 
c le a r -c u t  d if fe r e n c e s  between the d if f e r e n t  gen otyp ic/p h en otyp ic  
c la s s e s  (s e e  s e c t io n  4 .4 .2 .4 ) ,  i t  was envisaged  th a t the sep ara tion  
o f  the d if fe r e n t  typ es o f  a b erra tio n s may u lt im a te ly  prove u se fu l in  
the d e lin e a t io n  o t ,  for exam ple, p u ta tiv e  h eterozygotes and normal 
in d iv id u a ls . Prelim inary o b serv a tio n s  on th ese  'q u a l ita t iv e '  r e s u lt s  
are d iscu ssed  in s e c t ic n  4 .3 .3 .  The data (d iv id ed  in to  'breakage' 
and 'reu nion ' a b erra tio n s) were su b jected  to  the U -te s t  o f  
Mann-Whitney.
U nfortu nately , the ' reunion f ig u r e ' r e s u lt s  could not be a c cu ra te ly  
s t a t i s t i c a l l y  a sse sse d  because o f the extrem ely  sm all numoers 
in v o lv ed .
Section 3
3. RESULTS
The d eta  th at fo llo w  were c o l le c te d  over a period  o f  approxim ately 2 
y e a rs . Prior to  ev a lu a tin g  th ese  r e su lts#  the reader should r e fe r  to  
s e c t io n  2 . 1 . 1  to  a sc e r ta in  th e c r i t e r ia  employed in  g e n o ty p ic a lly /  
p h en o ty p ica lly  c la s s i f y in g  the su b je c ts  under stu d y . These 
in d iv id u a ls  were grouped in to  5 c la s s e s ,  v i z . :
i .  FA homozygotes (FA+/FA+)
i i .  FA h eterozygotes (FA+/FA-)
i i i .  Normal c o n tr o ls  (FA-/FA-)
i v .  S ib s
v .  Features o f  FA 
3 .1  PERIPHERAL BLOOD LYMPHOCYTE STUDIES
3 .1 .1  Sample s iz e
A to t a l  o f  115 in d iv id u a ls  were s tu d ie d . T his f ig u re  was made up o f :  
24 homo zygotes  
28 h eterozygotes  
42 c o n tr o ls  
6  s ib s
15 fea tu res  o f  FA
3 .1 .2  Ethnic group
The 115 in d iv id u a ls  stu d ied  were members o f 4 e th n ic  groups v iz .
Asian Indian , B lack, 'C oloured 1 • d W hite. [ 'Coloured' i s  th e term 
used in  South A frica  to  r e fe r  to  an in d iv id u a l o f  mixed parentage, 
w ith th e  g e n e t ic  c o n s t itu t io n  probably rep resen tin g  Khoisan (Bushman 
and H o tten to t) ,  Negroid and Caucasoid s t r a in s . ]
TABLE 3 .1  Ethnic groups o f  in d iv id u a ls  stu d ied
GROUP H0M. MET. 0)N. SIB. FEAT. TOTAL
Asian 0 0 1 0 0 1
Black 8 5 2 0 10 25
Coloured 0 0 1 0 0 1
White 16 2.' 38 6 5 88
3 .1 .3 Prevalence o f homozygous and heterozygous F an con i's
anaemia
Of South A fr ic a 's  4 .5  m illio n  W hires, about 57% are A frikaans­
speaking descendants o f seven teen th  century immigrants from H olland, 
France nd Germany; 39% are E nglish-speak ing and are predom inantly 
o f  B r it is h  d e sc e n t, and the remaining 4% c o n s is t  o f a v a r ie ty  o f  
p eop les such as P ortuguese, I ta l ia n s  and Greeks. A to ta l o f  33 White 
FA homozygotes (exclu d in g  p a t ie n ts  P .P . and M.G. who may not be FA 
homozygotes -  see  s e c t io n s  4 . 3 . z . 1 .1 .2  and 4 .3 .2 .1 .1 .3 )  have over the  
p ast approxim ately 15 years been in v e s t ig a te d  by the w r ite r ’s  
lab oratory . A s tr ik in g  fea tu re  o f  th ese  p a t ie n ts  was that th e  g rea t  
m ajority  appear to  be o f A B ik a n er  o r ig in  v i z .  27 out of 33 (82%). 
Three p a t ie n ts  were referred  from the northern Cape Province and one 
from South West A frica  (N am ibia). A ll o th er  p a t ie n ts  liv e d  w ith in  
about 200 km of Johannesburg, most o f them in the southern h a lf  o f  
the Transvaal Province (F ig . 3 .1 ) .  The to t a l  White population  in  
t h is  area in  1980 was 1 514 340, o f  whom 684 330 were 24 years o f  age 
or younger (South A frican S t a t i s t i c s ,  1982). Approximately 390 068 
(57%) o f th is  group would be A frikaans-speaking ( I b id ) .  In 1980, 15 
FA homozygotes (from 12 fa m ilie s )  were a l i v e ,  under the age o f  24 
years and A frik aan s-sp eak in g . T h erefore , the p o in t prevalence o f  
homozygotes in t h is  A frikaner population  was 0.000038 or 1 in  26 005. 
This f ig u re  should be regarded as  being a co n serv a tiv e  e s t im a te ,  
s in ce  a l l  l iv in g  homozygotes in t h is  A frikaner population  were not 
s y s te m a t ic a lly  a sc e r ta in e d , and i t  i s  probable th a t sev era l o th er
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p a t ie n ts  may have ueen diaqnoaed elsew here in the a rea .
Knowing the appro imate prevalence ot humozyyotes in t h is  a t - r is k  
group, the prevalence o f h eterozygotes may oe estim ated  from th? 
Hardy-Weinberg eijuation (Emery, 1976). It the frequency o t the FA 
i l l e l e  i s  q, i t s  frequency ;s  g iven  as t „• square root o f the  
homo zygote frequency -  i . e .  ttie square root o f 0.000030 = 0 .0 0 6 2 .
The frequency o f  the normal a l l e l e ,  p, i s  1-q = 0 .9 9 3 8 . The 
heterozygote or c a rr ie r  frequency i s  g iven  by 2  pq, which i s  1 2  in 
1000 or 1 in 03 .
S im ila r ly , a minimal e stim a te  o f the frequency o f the FA gene may be 
derived  from the number of FA c a se s  horn in the ta r g e t area from 1955 
to  1980. Taking on ly  tlie p a t ie n ts  known to  the w r ite r , 23 d e f in it e  
ca se s  have been born in th is  a rea , among a to ta l  o t 890 6 7 7  
l iv e - b ir t h s .  I t  may be estim ated  th at 507 6 8 6  (57%) o f th ese  
l iv e - b ir t h s  were to  Afrikaner co u p le s . T h erefore, the minimal 
prevalence in t h is  group is  23 in 507 6 8 6  or I in 22 073. Once 
a g a in , applying the Hardy-Weinbery law, the expected  heterozygote  
frequency in t h is  a t - r is k  group i s  13 in 1000 or 1 in 77.
3 .1 .4  Sex
TABLE 3 .2  Number of m ales and fem ales s tu d ied
CLASS MALES FEMALES
Homozygotes 1 2 1 2
H eterozygotes 1 0 18
C ontrols 16 26
S ib s 4 2
Features 7 8
TOTAL 49 6 6
Ot the 113 in d iv id u a ls  included in the p resen t study# the ages d£ 99 
o f  th ese  were on record -  i t  was not p o ss ib le  to  a sc e r ta in  the ages 
o f 9 ad u lt heterozygotes and 7 c o n tr o ls .
TABLE 3 .3  Mean age and age ranges o t in d iv id u a ls  stu d ied
CLASS n MEAN AGE MIN MAX
Homozygotes 24 7 .43  years 2  months 2 0  years
H eteroz>gotes 26 34.84 years 25 years 51 years
C ontrols 42 21.16 years 6 months 65 years
S ib s 6 12.33 years 2  years 2 0  years
Features 15 9 .06  years 1 0  days 20 years
3 .2  PERIPHERAL BLiJOD LYMPHOCYTE CHBUMOSOME ANALYSIS
At le a s t  19 trypsin-Giem aa handed metaphases per ca se  were screened  
for the presence o f spontaneous s t a b le ,  c lo n a l chromosomal 
a b n o rm a litie s . No such c lo n e s  were noted in any o f the c a se s  included  
in  the present study.
3. 3 PERIPHERAL HliXH.) LYMPHOCYTE CHRP MU SOME BREAKAGE STUDIES
3 .3 .1  Number of c e l l s  sc.- eened tor chrome xxne breakage under 
d if fe r e n t  c u ltu r e  co n d itio n s
A summary of the number o t ca se s  and the number o t c e l l s  analyzed  
under varying c u ltu re  c o n d it io n s  i s  shown in  Table 3 .4 .  The data in  
th is  ta b le  are tabu lated  in  more d e t a i l  according to  the 
p h en otyp ic /gen otyp ic  c la s s e s  (as d efin ed  in se c t io n  2 .1 .1 )  in  Table
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TABLE 3 .4  Summary o l  number o t ca ses  and number o l  c e l l s  analyzed  
under d if te r e n t  c u ltu re  c o n d it io n s .
NO. OF CEFLS AND NO. OF CELLS/CASE
CULTURE CONDITION 30 50 <30 31-49 TOTAL TOTAL
CELLS CELLS CELLS CELLS CASES* CELLS
F10; spontaneous 6 6 43 4 a 0 113 4 231
FIO+DEB [0 .0 1  /xg/ml] 4 0 0 0 4 1 2 0
F10+DEB [0 .1 0  /ig /m l] 13 38 lb 1 C 53 2 338
F10+DEB [0 .2 0  /ig /m l] 0 8 0 0 8 400
F10+DEB [0 .4 0  /ig/m l] 5 4 0 0 9 350
F10+DEB [1 .0 0  fig/m i] 5 0 0 0 5 150
FIO+MC [0 .01  /ig/m l] 31 2 3d 0 36 1 055
FlO+Mi’ [0 .0 5  fig/m l] 6 0 2 e 0 8 218
M150; Spontaneous 16 0 0 0 16 480
M150+MMC [0 .01  /ig/m l] 5 0 3f 0 8 204
TOTAL 9 546
a = 4 oases : 29/ 29, 27 and 16 c e l l s / c a s e
b = 1 case ; 1 2 c e l l s
c 1 case $ 36 c e l l s
o 3 ca ses $ 18, 15 and 2 c e l l s /c a s e
e 2 cases : 29 and 9 c e l l s / c a s e
f 3 ca ses ; 26, 2 2  and 6  c e l l s / c a s e
The to t a l  number o f ca se s  included in  t h is  stu d y  was 115; a l l  
except 2  w ith  c u ltu re  fa i lu r e  were screened fo r  spontaneous 
chromosome breakage and many o t th ese  were sim u ltan eou sly  
analyzed under the s t ip u la te d  c u ltu re  c o n d it io n s .
TABLE 3 .5  Number o f c a se s  (g e n o ty p ic a lly /p h e n o ty p ic a lly  c la s s i f i e d )  
and number o f c e l l s  analyzed under d if fe r e n t  c u ltu re  
c o n d itio n s
CULTURE CONDITION 
AND CLASS
NO. OF CASES AND NO. OF CELLS/CASE
30
CELLS
50
CELLS
<30
CELLS
31-49
CELLS
TOTAL
CASES
TOTAL
CELLS
F10: Spontaneous
HUM. 1 2 1 1 1 0 24 926
HBT. 18 7 2 0 27 946
CON. 25 16 0 0 41 1 550
SIB. 4 2 0 0 6 2 2 0
FEAT. 7 7 1 0 15 589
TOTAL 6 6 43 0 0 113 4 231
F10+DEB [0 .01  /xg/ml]
HOM. 0 0 0 0 0 0
HET. 3 0 0 0 3 90
00N. 1 0 0 0 1 30
SIB. 0 0 0 0 0 0
FEAT. 0 0 0 0 0 0
TOTAL 4 0 0 0 4 1 2 0
RIIIIliII s: s= .= =:=: ssts sc=2
F10+DEB [0 .1  ftg/ml]
HOM. 4 7 1 1 13 518
HET. 4 8 0 0 1 2 520
CON. 4 16 0 0 2 0 920
SIB. 1 2 0 0 3 130
FEAT. 0 5 0 0 5 250
| II ii n 3
TOTAL 13 38 1 1 53 2 338
Continued
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NO. OF CELLS AND NO. OF CELLS/CASE
CIXTURE CONDITION
AND CLASS 30 50 <30 31-49 TOTAL TOTAL
CELLS CELLS CELLS CELLS CASES CELLS
FIODEB [0 . 2 fxq/ml ] i
HOM. 0 0 0 0 0 0
HEP. 0 6 0 0 6 300 i
OON. 0 2 0 0 2 1 0 0
SIB. 0 0 0 0 0 0
FEAT. 0 0 0 0 0 0
IIi)iiII1IIiiIIiiiiII! ii ii II II II ii ii ii ii II ii ii i i ii S ! II II
TOTAL 0 8 0 0 8 400
F10+DEB [0 .4  Hq/ml]  
HOM. 0 0 0 0 0 0
»
MET. 3 2 0 0 5 190
OON. 2 2 0 0 4 160
SIB. 0 0 0 0 0 0
FEAT. 0 0 0 0 0 0
383rs*SE*SBSE5Sas as as as as as a: sxs II II
TOTAL 5 4 0 0 9 350
nnIIniiniiiiii ii!i!! =======
F10+DEB [1 .0  jig/ml J *
HOM. 0 0 0 0 0 0
MET. 3 0 0 0 3 90
OON. 2 0 0 0 2 60
SIB. 0 0 0 0 0 0
FEAT. 0 0 0 0 0 0
= = s  =r =s sss: s = =.■ s as ?s s  =3 s s 3  sr as rasas assasssxasssassBxzss: ssssr-ssss======= ►
TOTAL 5 0 0 0 5 150 *
NO. OF CELLS AND NO. OF CELLS/CASE
CULTURE CONDITION
AND CLASS 30
CELLS
50
CELLS
<30
CELLS
31-49
CELLS
TOTAL
CASES
TOTAL
CELLS
FIO+WC [0 .01  /ig /m ij
HOM. 5 0 2 0 7 157
HBT. 8 0 1 0 9 258
CON. 13 1 0 0 14 440
SIB. 1 0 0 0 1 30
FEAT. 4 1 0 0 5 170
TOTAL 31 2 3
I ii
o 
M ii II
36
3 — 3- 3=3
1 055
33333333 3 2323333= !II
F10+**C [0 .0 5  ^q/m l]
HOM. 0 0 0 0 0 0
MET. 3 0 1 0 4 99
CON. 2 0 0 0 2 60
SIB. 1 0 1 0 2 59
FEAT. 0 0 0 0 0 0
*M**sx5KS3iae2»:aa**aBMMME«ae=3333333 32=333333 33= 33= 3
TOTAL 6 0 2 0 8 218
33333333 233 3 233 333333333 3=2322333=33232=33= 33= 33
M150: Spontaneous
HOM. 3 0 0 0 3 90
MET. 6 0 0 0 6 180
CON. 5 0 0 0 5 150
SIB. 2 0 0 0 2 60
FEAT. 0 0 0 0 0 0
3233333333.3333333333 3333333333 3=33 3 3333 3333333 3333333 333=332 3333 222332E&
TOTAL 16 0 0 0 16 480
B a e a 8 * e :a s a ia * 8 8 a * s a * s ta a 6 a u is x a ia ra i« B * = :s s 5 5 s* s e 5 B * * a * e a sa t3 :s = $ 5 3 = r= 5 S 8 * a * e = 5 a :so s s 5 5 a a
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CULTURE CONDITION
NO. OF CELLS AND NO. OF CELLS/CASE
AND CLASS 30
CELLS
50
CELLS
<30
CELLS
31-49
CELLS
TOTAL
CASES
TOTAL
CELLS
M150+MMC [0 .3 1  /*q/mi]
HOM. 2 0 1 0 3 8 6
Her. 1 0 1 0 2 52
03N. 2 0 1 0 3 6 6
SIB. 0 0 0 0 0 0
FEAT.
ftII
O
II ii8
o 
iiII1il II
o 
IIiiM 0 0 0
TOTAL 5 0 3 0 8 204
3 .3 .2  Q u an tita tive  a n a ly s is  o t  spontaneous ana c la sto g en -in d tced  
chromoacxnal aoerra tion s
The ta b le s  th a t fo llo w  d ep ic t the mean breakage r a te s  (b r e a k s /c e l l )  
fo llow ed by the number of unstab le  c e l l s ,  the standard d e v ia tio n s  
about th ese  means and the a sso c ia te d  breakage ranges i . e .  minimum and 
maximum breakage v a lu e s . The numbers o f ca se s  and c e l l s  screened  
under d if fe r in g  co n d it io n s  are a ls o  s p e c if ie d  as per Table 3 .5 .
These data w i l l  f i r s t  be l i s t e d  according to  the 5 g en o ty p ic / 
phenotypic c la s s e s  (T ables 3 . 6  to  3 .1 0 ) and then compared with each  
oth er  and w ith 3 s e le c te d  s im ila r  s tu d ie s  (T ables 3.11 and 3 .1 2 ) .
The s t a t i s t i c a l  a n a ly s is  o f th ese  r e s u lt s  w il l  m llo w  in se c t io n  3 .4 .
I t  should be borne in  mi.id th at any score  (v a lu e ) by i t s e l f  i s  
m eaningless and can o n ly  be in terp re ted  when compared w ith  other  
s c o r e s . Furthermore, a measure o t a c e n tr a l tendency, such as the  
mean, provides on ly  a lim ited  amount o t in form ation . To d escr ib e  a 
d is tr ib u tio n  more f u l ly ,  i t  i s  c le a r  th a t a d d itio n a l inform ation  
concerning the d isp ersio n  o t sco res  about the mean i s  required i . e .  
the mean should be seen in conjunction  w ith i t s  standard d e v ia t io n .  
Therefore T ables 3 .b to  J .1 0 , inclu de the mean va lu es togeth er  w ith  
th e ir  standard d e v ia tio n s  and breakage ranges.
3 . 3 . 2 . 1  Chromosome breakage r e s u lt s
3 .3 .2 .1 .1  Homozygotes
TABLE 3 .6  Chromosome breakage r e s u lt s  (b r e a k s /c e l l )  in  homozygotes
VARIABLE NO.
CASES
NO.
CELLS
MIN. MAX. MEAN S.D .
*F10t Spontaneous - 24 926 0 .03 0 .87 0 .23 0 .17
*F10; Spontaneous + 24 926 0 .08 1.17 0 .30 0 . 2 1
M150; Spontaneous - 3 90 0 .17 0 . 2 0 0 .18 0 . 0 2
Ml50: Spontaneous + 3 90 0 . 2 0 0 . 2 0 0 . 2 0 0 . 0 0
♦F10+DEB [0 .1 0 ] - 13 518 0.04 6 .73 2 .58 1 .85
•F10+DEB [0 .1 0 ]+ 13 518 0 .06 8 .13 3.41 2 .30
♦F10+MMC [0 .0 1 ]  - 7 157 0 .07 4 .63 1.85 1.85
*F10+MMC [0 .0 1 ]  + 7 157 0.17 4 .67 2.06 1.97
M150+MMC [0 .0 1 ]  - 3 8 6 0 . 2 0 6 .19 2.23 2.80
M150+MMC [0 .0 1 ]  + 3 8 6 0.27 6 .38 2 .36 2 .85
Explanatory note on the terms used in Tables 3 .6  to  3. 1 0 .
'F10' and 'M150' are the d if fe r e n t  c u ltu re  media th at were used .
1 Spontaneous' den otes n o n -stressod  c u ltu r e s .
The f ig u r e s  in p a ren th esis  in d ic a te  the DEB and MMC co n cen tra tio n s in  
f ig /m l.
The p lu s and minus s ig n s  ire in d ic a t iv e  o f the breakage data  
inclu ding gaps (+) and exclu d ing gaps ( - )  r e s p e c t iv e ly , but in clu d in g  
a l l  o th er a b erra tion s (as l i s t e d  in s e c t io n  2 . ?) .
r e fe r s  to  the data th at have undergone e x te n s iv e  s t a t i s t i c a l  
a n a ly s is , the r e s u lt s  o f which are a v a ila b le  in s e c t io n  3 . 4 .
MIN. = Minimum 
MAX. = Maximum 
S.D . = Standard d e v ia t io n .
3 . 3 . 2 . 1 . 2  H eterozygotes
In an attem pt to  un eq u ivoca lly  d e lin e a te  h eterozygotes from 
homozygotes and normal c o n tr o ls ,  res^/xtse to  a wide range o f  cu ltu re  
c o n d it io n s  was in v e s t ig a te d . The r e s u lt s  obtained using d if fe r e n t  
con cen tra tio n s o f both DEB and MMC togeth er  w ith Hams F10 or M150 
c u ltu re  medium are presented  in Table 3 .7  and w i l l  be d iscu ssed  in  
se c t io n  4 .3 .2 .1 .2 .
TABLE 3 .7  Chromosome breakage r e s u lt s  (b r e a k s /c e l l )  in h eterozygotes
VARIABLE NO.
CASES
NO.
CELLS
MIN. MAX. MEAN S.D .
*F10; Spontaneous - 27 946 0 .0 0 0 .08 0 .03 0.03
V,F10: Spontaneous + 27 946 0 .0 0 0 .12 0 .04 0.04
M150: Spontaneous - 6 180 0 .0 0 0 .07 0 .03 0 .02
M150: Spontaneous + 6 180 0 .03 0 .1 0 0 .06 0 .03
F10+-DEB [0 .0 1 ]  - 3 90 0 .03 0 .3 0 0.12 0 .13
F10+DEB [0 .0 1 ]  + 3 90 0 .0 3 0 .3 0 0 .12 0 .13
♦F10+DEB [0 .1 0 ] - 12 520 0 .0 0 0 .23 0 .08 0 .06
♦FIODEB [0 .1 0 ] + 12 520 0 .04 0 .23 0 .12 0 .06
F10+DEB [0 .2 0 ] - 6 300 0 .00 0 .26 0 .06 0 .09
F10+DEB [0 .2 0 ] + 6 300 0 .0 0 0 .3 6 0 .15 0.12
F10+DEB [0 .4 0 ] - 5 190 0 .0 0 0 .0 6 0.03 0 .03
FIODEB [0 .4 0 ] + 5 190 0 .00 0 .12 0.05 0.05
F10+DEB [1 .0 0 ] - 3 90 0 .0 0 0 .1 0 0 .04 0 .04
F10+DEB [1 .0 0 ] f 3 90 0 .0 0 0 .1 0 0 .04 0 .04
*F10+MMC [0 .0 1 ]  - 9 258 0 .0 0 0.17 0 .1 0 0 .07
*F10+MMC [0 01] + 9 258 0 .0 0 0.28 0 .13 0 .10
M150+MMC [0 .1 1 ]  - 2 52 0 .13 0 .50 0 .32 0 .18
M150+MMC [0 .0 1 ]  + 2 52 0 .23 0 .64 0 .44 0 .20
F10+MMC [0 .0 5 ] - 4 99 0 .03 0 .23 0 .21 0.15
F10+MMC [0 .05  J + 4 99 0 .03 0 .27 0 .23 0.15
(NB: Refer to  exp lan atory  note a ttach ed  to  Table 3 .6 . )
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3 . 3 . 2 . 1 . 3  C ontrols
TABLE 3 .8  Chromosome breakage r e s u lt s  (b r e a k s /c e l l )  in normal 
c o n tr o ls
VARIABLE NO.
CASES
NO.
CELLS
MIN. MAX. MEAN S.D.
*F10; Spontaneous - 41 1 550 0 .0 0 0 .07 0 .01 0.02
*F10: Spontaneous + 41 1 550 0 .0 0 0 .07 0 .02 0 .02
M150; Spontaneous - 5 150 0 .0 0 0 .1 0 0 .03 0.04
Ml50; Spontaneous + 5 150 0 .0 0 0 .10 0 .03 0 .04
F10+DEB [0 .0 1 ]  - 1 30 0 .0 0 0 .0 0 0 .0 0 0 .0 0
F10+DEB [0 .0 1 ]  + 1 30 0 .0 0 0 .0 0 0 .0 0 0 .0 0
*F10+DEB [0 .1 0 ]  - 20 920 0 .0 0 0 .06 0 .02 0.02
*F10+DEB [0 .1 0 ]  + 20 920 0 .0 0 0 .06 0 .02 0.02
F10+DEB [0 .2 0 ]  - 2 100 0 .0 0 0 .02 0 .01 0 .01
FlO+DEB [0 .2 0 ]  + 2 100 0 .02 0 .04 0 .0 3 0.02
F30+DEB [0 .4 0 ]  - 4 160 0 .0 0 0 .02 0 .01 0.01
FlO+DEB [0 .4 0 ]  + 4 160 0 .0 0 0 .02 0 .01 0.01
FlO+DEB [1 .0 0 ]  - 2 60 0 .0 0 0 .03 0 .02 0 .02
FlO+DEB [1 .0 0 ]  + 2 60 0 .0 0 0 .03 0 .02 0 .0?
*F10+MMC [0 .0 1 ]  - 14 440 0 .0 0 0 .2 0 0 .0 6 0 .06
*F10-*MMC [0 .0 1  J + 14 440 0 .0 0 0 .2 0 0 .07 0 .06
M150+MMC [0 .0 1 ]  - 3 66 0 .1 0 4 .00 0 .52 1.81
M150+MMC [0.C1 1 + 3 66 0 .23 4 .17 0 .59 1.85
F10+MMC [0 .0 5 ]  - 2 60 0 .17 0 .57 0 .3 7 0 .2 0
F10+MMC [0 .0 5 ]  + 2 60 0 .17 0 .57 0 .3 7 0 .20
(NB: Reter to explanatory note attached to  Table 3 .6 .)
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3 . 3 . 2 . 1 . 4  S ib s
As p rev io u s ly  s t a t e d , s ib s ,  s in c e  they c o n s t itu te  a somewhat ' unknowi 
q u a n t ity '# were s p e c i f i c a l ly  not requested tot the purposes o f the  
present stu d y . O cca sio n a lly  however, b loods were rece ived  and th ese  
were then p rocessed .
TABLE 3 .9  Chromosome breakage r e s u lt s  (b r e a k s /c e ll )  in s ib s
VARIABLE NO.
CASES
NO.
CELLS
MIN. MAX. MEAN S.D .
*F10; Spontaneous - 6 220 0 .00 0 .04 0 .01 0 .02
*F10; Spontaneous + 6 220 0 .0 0 0 .04 0 .02 0 .02
M150: Spontaneous - 2 60 0 .03 0 .07 0 .05 0 .02
M150; Spontaneous + 2 V) 0 .03 0 .07 0 .05 0 .02
*F10+DEB [ 0 .1 ]  - 3 130 0 .0 0 0 .06 0 .04 0 .0 4
♦F10+DEB [ 0 .1 ]  + 3 130 0 .00 0 .1 0 0 .0 6 0 .05
*Fio+m c [0 .0 1 ]  - 1 30 0 .23 0 .23 0 .2 3 O.Ou
* F10+MMC [0 .0 1 ]  + 1 30 0 .27 0 .27 0 .2 7 0 .0 0
F10+MKC [0 .0 5 ]  - 2 59 0 .10 0 .83 0 .4 6 0 .3 6
F10+-MMC [0 .0 5 ]  «• 2 59 0 .17 0 .86 0.51 0 .35
(NB: Refer to  exp lanatory  note attach ed  to  Table 3 .6 . )
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3.3 .2 .1 .5  Features
TABLBJ 3 .1 0  Chromosome breakage r e s u lt s  ( b r e a k s /c e l l ) in  in d iv id u a ls  
w ith fe a tu res  o f Fanconi1s  anaemia
VARIABLE NO.
CASES
NO.
CELLS
MIN. MAX. MEAN S.D .
*F10; Spontaneous -  15 589 0 . JO 0 .0 8 0.02 0.03
*F10; Spontaneous + 15 589 0 .0 0 0 .08 0 .03 0 .03
*FlODEB [0 .1 ]  - 5 250 0 .0 0 0 .04 0 .02 0 .02
♦F10+DEB [0 .1 ]  + 5 250 0 .0 0 0 .0 6 0.03 0 .03
*F10>MMC [0 .0 1 ]  - 5 170 0 .0 0 0 .03 0 .02 0.02
*F1CH-WC [0 .0 1 ]  + 5 170 0 .0 0 0 .07 0 .03 0 .0 3
(NB: Refer to  exp lanatory  note a ttach ed  to  Table 3 .6 )
3 .3 .2 .2  Comparison o f spontaneous and 0KB-induced breakage 
r e s u lt s  w ith  th ree s e le c te d  published  s tu d ie s
In T ables 3.11 and 3 .1 2 , the r e s u lt s  o f the present study are  
compared w ith 3 s im ila r , p rev io u s ly  published s t u d ie s , namely th ose  
o f  Auerbach e t  a l . (1981), Cohen e t  a i .  (1962a) anc Marx e t  a l . 
(1983).
TABLE 3.11 Comparison of spontaneous data from the present stvtiy with data from
three previous sim ilar stu d ies (re su lts  expressed as h rea k s/ce ll)
C la ss
PRESENT** AUERBACH ET AL. 
(1981)
COHEN E7T AL. 
(1982a)
MARX r5T AL. 
(1993)
n
mean
(range) n
mean
(range) n
mean
(ran ge) n
mean
(range)
Horn. 24 0 .2 3
(0 .0 3 -0 .6 7 )
5 0 .2 5
(0 .0 9 -0 .4 6 )
5 0 .1 6
(0 .0 3 -0 .3 5 )
18 0 .77  
(0 .4 6 -  28)
Met. 27 0 .0 3
(0 .0 0 -0 .0 6 )
8 0 .0 2
(0 .0 9 -0 .0 6 )
10 0 .0 3
(0 .0 0 -0 .0 5 )
14 0 .03
(0 .0 1 -0 .0 5 )
O xi. 41 0 .01
(0 .0 0 -0 .0 7 )
15 0 .02
(0 .0 0 -0 .0 5 )
25 0 .0 3
(0 .0 0 -0 .0 6 )
7 0 .02
(0 .0 1 -0 .0 5 )
S ib . 6 0 .0 1
(0 .0 0 -0 .0 4 )
3 0 .01
(0 .0 0 -0 .0 2 )
0 0
P e a t. 15 0 .0 2
(0 .0 0 -0 .0 6 )
9 0 .0 3
(0 .0 0 -0 .0 7 )
4 0 .2 9
(0 .0 6 -0 .4 1 )
0
T ota l 113 40 44 39
** 0 n ly r e s u lt s  exclu d in g  'gaps' are tab u lated  and a l l  c u ltu r e s  were e s ta b lis h e d  in  
Hams F10 medium.
3*12 Comparison of DEB [0 .1  ^q/mlj-induced data from the present study with data
from three previous sim ilar studies ( resu lts  expressed as breaks/cell)
C lass
PRESENT** AUERBACH ET AL. 
(1981)
COHEN ET AL.
(1982aT  "
MARX ET AL. 
(1983)
n
maan
(range) n
mean
(range) n
mean
(range/ n
mean
( range)
Hem. 13 2 .5 6
(0 .0 4 -6 .7 3 )
5 8 .66
(2 .1 0 -1 9 .7 0 )
5 1 .62  
(0 .0 3 -6 , % )
18 2 .58
(2 .1 9 -2 .9 0 )
Met. 12 0 .0 6
(0 .0 0 -0 .2 3 )
8 0 .13
(0 .0 6 -0 .2 4 )
10 0 .0 9
(0 .0 0 -0 .2 4 )
14 0 .8 8
(0 .7 3 -1 .0 5 )
Con. 20 0 .0 2
(0 .0 0 -0 .0 6 )
15 0 .04
(0 .0 0 -0 .1 0 )
25 0 .0 6
( 0 .0 3 -0 .1 4 /
7 0 .0 6
(0 .0 5 -0 .0 7 )
S ib . 3 0 .0 4
(0 .0 0 -0 .0 6 )
3 0 .21
(0 .1 2 -0 .3 4 )
0 0
F ea t. 5 0 .0 '
(0 .0 0 -0 .0 4 )
9 0 .05
(0 .0 0 -0 .1 2 )
4 3 .0 6
(0 .1 3 -5 .4 4 )
0
T otal 53* 40 44 39
Only r e s u lt s  exclu d in g  'gaps' are tab ulated  and a l l  c u ’.tu res  were e s ta b lish e d  
in  Hams F10 medium.
* & furthar 40 c a se s  were s u c c e s s fu l ly  stu d ied  w ith  MflC.
3 .3 .2 .3  Cellular in s ta b ility
Only the three c u ltu re  v a r ia b le s  p rim arily  stu d ied  w ith  Hams F10 medium 
(se e  Table 3 .4 ) ,  w i l l  be considered  in term s o f c e l lu la r  in s t a b i l i t y .
TABLE 3 .13  Number of c e l l s  screened and percentage unstab le  c e l l s  (%Cu)
C lass
F10; Spontaneous F10+DEB [0 .1  ftg/m l ] FlO-t-MIC [0 .0 1  /ig /m l]
mean mean mean
n (range) n (range) n (range)
Hon. 926 22 :;8 79 157 61
(8-47) (8 -100 ) (17-100)
Met. 946 4 520 10 258 11
(0-13) (4 -1 4 ) (0 -22)
Con. 1 550 2 920 2 440 7
(0 -7 ) (0 -10) (0 -20 )
S ib . 220 2 130 5 30 13
(0 -4 ) (0 -8 ) (13-13)
P ea t. 589 3 250 3 170 3
(0 -8 ) (0 -6 ) (0 -7 )
N ote; n = number o f c e l l s  screened
'Gaps' included in  a l l  c a lc u la t io n s  o f c e l lu la r  in s t a b i l i t y  
r a t e s .
3 .3 .3  Q u a lita tiv e  a n a ly s is  o f spontaneous and clastoq en-in d u ced  
chromosomal abert t io n s
In the preceding s e c t io n  ( 3 .3 .2 ) ,  r e s u lt s  o f  chromosomal a n a ly s is  
were q u a n t it iv e ly  a s se s s e d . As d iscu ssed  in  s e c t io n s  4 .4 .2  and 
4 .4 .3 ,  spontaneous and/or c la sto g en -in d u ced  chrom osom e/cellular  
in s t a b i l i t y  do not s u f f i c e  in  th e unequivocal estab lish m en t o f FA 
h etero zy g o sity  in  in d iv id u a l c a s e s .  I t  was th ere fo re  hoped th a t a 
q u a lita t iv e  a n a ly s is  o f the typ es o f chromosome ab erra tio n s found may 
be h e lp fu l in  th e d e lin e a t io n  o f FA c a r r ie r s  from normal in d iv id u a ls .
3 .3 .3 .1  Spontaneous chromosomal a b erra tio n s  
TABLE 3 .14  Type and numoer o f spontaneous chromosomal ab erration s
TYPE OF 
ABERRATION HOM. HET. CON. SIB. FEAT.
No. c e l l s  screened 926 946 1550 220 589
Chromatid gap 52 18 11 2 3
Isochrom atid gap 8 1 0 0 1
Centromeric gap 0 0 0 0 0
Chromatid break 139 16 11 0 14
Isochrom atid break 7 1 1 2 0
Centromeric break 0 1 0 0 0
A centric fragment 15 2 2 1 0
Chromatid d e le t io n 9 5 1 0 0
Isochrom atid d e le t io n 0 0 0 0 0
T otal 'Breaks' 230 44 26 5 18
'B r e a k s '/c e ll 0 .25 0. 05 0 . 02 0 . 02 0 .03
Ring 4 1 0 0 0
D icen tr ic 1 0 0 0 0
T r ira c ia l 8 0 0 0 0
Q uadriracial 3 0 0 0 0
Complex exchange 1 0 0 0 0
T otal 'Reunion fig u re s 17 1 0 0 0
'Reunion f ig u r e s ' / c e l l 0 .0 2 0..001 0..00 0. 00 0 .00
Bndored up! ica  t  ion 3 1 1 0 0
'Breaks' = qaps + breaks + fragments + d e le t io n s  
'Reunion f ig u r e s '  = r in g s + d ic e n tr ic s  + t r ir a d la ls  +
q u ad rirad ia ls  + complex exchanges
Culture medium -  Hams FlO
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TABLE 3.15 Spontaneous 'b reak age'- and ' reu n ion -type' a b erra tion s
NO.
CASES
NO.
CELLS MEAN 5.D . MIN. MAX.
'BREAKS‘/CELL
Homozygotes 24 926 0 .25 0 .1 6 0 .06 0.83
H eterozygotes 27 946 0 .04 0 .04 0 .0 0 0.12
C ontrols 41 1550 0 .02 0 .02 0 .00 0.07
S ib s 6 220 0 .0 2 0 .02 0 .00 0 .04
Features 15 589 0 .03 0 .03 0 .0 0 0.08
'REUNION FIGURES'/CELL
Homo zygotes 24 926 0 .02 0 .0 4 0 .0 0 0.17
H eterozygotes 27 946 0.001 0 .004 0 .0 0 0.02
C ontrols 41 J550 0 .0 0 0 .0 0 0 .0 0 0 .00
S ib s C 220 0 .0 0 0 .0 0 0 .0 0 0 .00
Features 15 589 0 .0 0 0 .0 0 0 .0 0 0 .00
'Breaks' = gaps + breaks + fragments + d e le t io n s  
'Reunion f ig u r e s '  = r in g s  + d ic e n tr ic s  + t r ir a d ia ls  +
q u a d rira d ia ls  + complex exchanges 
C ulture medium = Hams F10
Three p a r t ia l  metaphases (10% G iem sa-stained) d isp la y in g  spontaneous 
chromosomal a b erra tio n s are shown in  Fig 3 .2 .
X *
/ /
t o
1
I
x L
V
. J t
Figure 3 .2  Spontaneous chroooaomal n h erra tlo n s found in  homozyqotea: 
(a) chrom atid nreak, (n) chromatid gap, (c )  qu ad rirad ia l 
f ig u r e , and (d) t r ir a d ia l  f ig u r e .
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3 . 3 . 3 . 2  DEB [ 0 .1  %g/ml] -  induced chromosomal ab erra tio n s
TABLE 3 .16  Type and number o f  DEB [0 .1  /xq/ml] -  induced 
chromosomal ab erration s using Hams F10 medium
TYPE OF 
ABERRATION HOM. MET. CON. SIB. FEAT.
No. c e l l s  screened 518 520 920 130 250
Chromatid gap 338 13 4 3 3
Isochrom atiu gap 79 8 1 0 0
Centromeric gap 2 0 0 0 0
Chromatid break 825 19 7 4 3
Isochrom atid break 63 3 2 0 0
Centromeric break 1 1 0 0 0
A centric fragment 76 10 5 2 0
Chromatid d e le t io n 74 3 1 0 2
Isochrom atid d e le t io n 0 0 0 0 0
Total 'Breaks' 1458 57 20 9 8
'B r e a k s '/c e ll 2. 81 0 . 11 0 . 02 0 . 07 0 .0
Ring 14 1 0 0 0
D icen tr ic 1 0 0 0 0
T rira d ia l 116 0 0 0 0
Q uadriradial 2 0 0 0 0
Complex exchange 3 0 0 0 0
T otal' 'Reunion f ig u r e s ' 136 1 0 0 0
'Reunion f ig u r e s ' / c e l l 0. 26 0. 002 0.,00 0. 00 o .c
fyidoredupl ic a tio n 2 1 1 0 0
'Breaks' = gaps + breaks + fragments + d e le t io n s  
'Reunion f ig u r e s ' = r in g s  + d ic e n tr ic s  + t r ir a d ia ls  +
q u ad rirad ia ls  + complex exchanges 
Culture medium = Hr.ms F10
l r>H
TABLE 3.17 DEB [0 .1  ^q/m ij-induced  'brealvaye'- and 'reu n ion -  
typ e' a b erra tio n s
NO.
CASES
NO.
CELLS MEAN S.D . MIN. MAX.
•BREAKS'/CELL
Homo zygotes 13 518 2 .99 1.95 0 .06 6 .93
H eterozygotes 12 520 0 .1 2 0 .0 6 0 .04 0 .23
C ontrols 20 920 0 .02 0 .02 0 .00 0 .08
S ib s 3 130 0 .0 6 0 .05 0 .0 0 0 .1 0
Features 5 250 0 .0 3 0 .03 0 .0 0 0 .06
•REUNION FIGURES'/CELL
Homozygotes 13 518 0 .2 5 0 .19 0 .00 0 .60
H eterozygotes 12 520 0 .002 0 .006 0 .0 0 0 .02
C ontrols 20 920 0 .0 0 0 .0 0 0 .0 0 0 .00
S ib s 3 130 0 .0 0 0 .0 0 0 .00 0 .0 0
Features 5 250 0 .0 0 0 .0 0 0 .0 0 0 .00
'Breaks' = gaps + breaks + fragments + d e le t io n s  
'Reunion f ig u r e s '  = r in g s  + d ic e n tr ic s  + t r ir a d ia ls  +
q u ad rirad ia ls  + complex exchanges 
Culture medium = Han s  F10
In F ig . 3.3# examples o f  some chromosomal ab erra tion s noted  
a f t e r  DEB [0 . l / ig /m l] -s tr e s s in g  are shown in  2 p a r tia l  
metaphases (10% G iem sa-sta ined) .
I&
4
Figure 3 .3  DF9 [0 .1  ^iq/ml]-innuct<l chromosomal a b erra tion s  
found in hom ozygotes: (a) chromatid break, (b) 
isochrom atid break, (c) a c en tr ic  fragm ent, (d) 
d ic e n tr ic  chromosome, and ( e) complex ring  
rearrangem ent.
3 . 3 . 3 . 3  MMC [0 .0 1  uq /m l]-induced  chromosomal ab erra tion s
TABLE 3 .1 8  Type and number o f MMC [0 .01  /iq /m l]-indu ced
v-nromosomal ab erration s usinq Hams F10 medium
TYPE OF 
ABERRATION H0M. HET. CON. SIB. FEAT.
No. c e l l s  screened 157 258 440 30 170
Chromatid gap 10 6 5 0 1
Isochrom atid gap 2 0 0 0 0
Centromeric gap 0 0 0 0 0
Chromatid break 142 18 20 6 2
Isochrom atid break 8 5 4 0 0
Oentromeric break 2 0 0 0 0
A centric fragment 13 2 1 0 0
Chromatid d e le t io n 1 0 0 0 0
Isochrom atio d e le t io n 0 0 0 0 0
Total 'breaks' 178 31 30 6 3
'B r e a k s '/c e ll 0 . 88 0 . 12 0 . 07 0. 20 0 .02
Ring 0 0 0 0 0
D icen tr ic 0 0 0 0 1
T rirad ia l 15 0 0 0 0
guad rirad ia l 8 0 0 1 0
Complex exchange 1 0 0 0 0
Total 'Reunion fig u re s ' 24 0 0 1 1
'Reunion f ig u r e s ' / c e i l 0. 15 0. 00 0. 00 0. 03 0 .006
Endoredi.pl ic a t  ion 0 0 0 0 0
'Breaks' = gaps + breaks + fragments + d e le t io n s  
'Re'inion f ig u r e s '  = r in g s + d ic e n tr ic s  + t r ir a d ia ls  +
q u ad rirad ia ls  + complex exchanges 
Culture medium = Hams F10
TT.LE 3 .19  MMO [0 .0 1  /tq /m ll-indu ced  'break age'- and 
'reu n ion -typ e' ab erra tion s
NO.
CASES
Ml.
CELLS MEAN S.D . MIN. MAX.
'BREAKS'/CELL
Homozygotes 7 157 1.69 1.62 0 .17 4 .0 0
H eterozygotes 9 258 0.13 0 .1 0 0 .0 0 0 .28
C ontrols 14 440 0.07 0 .0 6 0 .0 0 0 .20
S ibs 1 30 0 .20 0 .0 0 0 .2 0 0 .2 0
Features 5 170 0.02 0 .02 0 .0 0 0 .03
•REUNION FIGURES'/CELL
Homozygotes 7 157 0 .19 0 .28 0 .0 0 0 .6 0
H eterozygotes 9 258 0 .00 0 .00 0 .0 0 0 .00
C ontrols 14 440 0 .00 0 .0 0 0 .0 0 0 .00
S ib s 1 30 0.30 0 .00 0 .0 3 0 .03
Features 5 170 0.007 0 .015 0 .0 0 0 .03
'Breaks' = gaps + breaks + fragments + d e le t io n s  
'Reunion f ig u r e s ' » r in g s  + d ic e n tr ic s  t t r ir a d ia ls  +
q u a d rira d ia ls  + complex exchanges 
Culture medium * Hams F10
Examples o f MMC [ 0 .Ol^g/ml] - induced chromosomal ab erration s  
are shown in  2 p a r t ia l  metaphases (10% G iem sa-stained) in  
F ig . 3 .4 .
sVx<
!
- x>T« «  v
w  c
J  = a * f* d
a«-V »
Figure 3 .4  MIC [0 .01  ^iq/m l]-induced chromosomal ab erra tion s  
found in homozygotes: (a) chromatid break,
(b) a c e n tr ic  fragm ent, (c ) tr ir a d ia l  f ig u r e , and 
(d) complex exchange.
3 . 3 . 4  The e f f e c t  o f  e th n ic  o r ig in  on chromosome breakage
r e s u lt s
As noted in s e c t io n  3 .1 .2 ,  the homozygote group c o n s is te d  o f 16 White 
p a t ie n ts  and 8 Black p a t ie n ts .  Prior to  the subm ission o f the 
chromosome breakage data to  in -depth  s t a t i s t i c a l  a n a ly ses  (see  
s e c t io n  3 . 4 ) ,  the mean spontaneous chromosome breakage r a te s  (both  
in clu d in g  and exclu d in g gaps) from th ese  2 groups o f p a t ie n ts  were 
compared by the U -te s t  o f Mann-Whitney. (This t e s t  was k in d ly  
performed by Doctor J Kuyl o f the Department o f  B iochem istry, South 
A frican I n s t itu te  for Medical R esearch, Johannesburg) .
TABLE 3 .20  Comparison o f spontaneous chromosome breakage ra te s  in 
Black and White p a t ie n ts .
Including Gaps ExcludiP'" Gaps
Whi te Black White Black
No. p a t ien ts 16 8 16 8
Mean 0.30 0 .2 8 0 .22 0 .2 4
S.D . 0 .25 0 .1 4 0 .1 9 0 .14
Range (b r e a k s /c e ll) 0 .0 8 -1 .1 7 0 .1 3 -0 .5 8 0 .0 6 -0 .8 7 0 .0 3 -0 .5
R esu lts  o f U -te s t  of Mann-Whitney
White v s .  Black (+gaps) : T * 0.153864 (p=0.56)
White v s . Black ( -gaps) : T = 1.0449 (p=<i. 15)
T h erefore, the White and Black p a t ie n ts  d id  not e x h ib it  s t a t i s t i c a l l y  
s ig n if ic a n t  d if fe r e n c e s  in spontaneous breakage r a te s .  I t  was thus 
decided to  pool a l l  breakage data for fu ture s t a t i s t i c a l  a n a ly se s . 
(See d isc u ss io n  se c t io n  4 .3 .4 )
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3 .4  STATISTICAL ANALYSIS OF PERIPHERAL BLOOD LYMPHOCYTE CHROMOSOME 
BREAKAGE RESULTS, CELLULAR INSTABILITY KATE’S AND NUM1 R OF 
' BREAKAGE-TYPE' ABERRATIONS
3 .4 .1  'Within c la s s e s '  an a lyses o l  breakage data
TABLE 3.21 S t a t i s t i c a l  cmn^nrisons w ith in  g en o ty p ic / phenotypic 
c la s s e s  (T est used: W ilcoxon' s  signed-rank t e s t )
C lass Comparison Means Wilcoxon p
(1) (2 ) n (1) (2) Value
HOM SPONT+ vs DEB+ 10 0.26 3.2? 1 .0 0.0069**
HOM SPONT- vs OEB- 10 0.21 2.51 1 .0 0.0069**
HOM SPONT+ v s MMC+ 7 0.21 1.98 0 .0 0.0180*
HOM 3P0NT- vs MMC- 7 0 .18 1.78 1 .0 0.0280*
HET SPONT+ vs DEB+ 8 0.05 0 .07 11.5 0.3627
Her SPONT- vs DEB- 8 0 .03 0 .03 18.0 1.0000
HET SPONT+ vs MMC* 7 0.24 0 .04 7 .0 0.2367
HET SPONT- v s MMC- 4 0.01 0 .04 1 .5 0.2012
OON SPONT+ vs DEB+ 13 0.02 0 .02 4 4 .5 0.9443
00N SPONT- v s DEB- 11 0.01 0 .02 24 .5 0.4498
OON SPONT+ vs MMO + 10 0.01 0 .07 0 .0 0.0051**
OON SPONT- vs MMC- 8 0.01 0 .0 6 0 .0 0.0117*
Continued
C lass Comparison Means w ilcoxon p
(1) (2) n (1 ) (2) Value
SIB I n s u f f ic ie n t  data -  number o f c a se s  too
sm all wtien c a se s  w ith zero d if fe r e n c e s  
exclu d ed .
FEAT SFONT+ vs DEB+ 5 -0 .0 1 0 .02 1 .5 0.1056
FEAT SB0NT- vs DEB- 4 -0 .0 0 0.01 1 .5 0.2012
FEAT SP0NT+ vs MlCt- 3 0 .02 -0 .0 2 0 .0 0.1088
FEAT SPONT- v s MMC- 4 0.01 -0 .0 3 0 .0 0.0679
NOTE
+ /-  = in c lu d in g /ex c lu d in g  gaps r e s p e c t iv e ly
* = s ig n if ic a n t  a t  % le v e l  ( i . e .  p<0.05)
** = s ig n if ic a n t  a t  1% le v e l  ( i . e .  p<0.01)
n = number o f non-zero d if fe r e n c e s  ( i . e .  d if fe r e n c e  between
spontaneous and induced oreakage not equal to  zero) 
means = homozygote, h etero zy g o te , s ib  and fea tu res  mean va lu es  
c a lcu la te d  a f t e r  su b tra ctio n  o f co n tro l v a lu es; hence 
occasion  n egative  v a lu e s ; expressed as * b r e a k s /c e l l ' .
3 . 4 . 2  ' Between c la s s e s 1 a n a ly s is  o l breakage data
3 .4 .2 .1  Spontaneous chromosome breakage
Table 3 .22  P a ir-w ise  comparisons o£ spontaneous breakage va lu es  
(T est used: Mann-Whitney)
Mann-
V ariable Comparison Sample S ize  Means Whitney p
(1 ) (2) (1 ) (2) (1) (2) Value
SFONT+ UDM vs HET 22 23 0 .2 8  0 .0 3  49 0 .5  <0.0001**
SPONT- HOM v s  HET 22 23 0 .2 3  0 .0 3  482 .5  <0.0001**
SF0NT+ HOM v s  HETM 22 15 0 .2 8  0 .0 4  324.5  <0.0001**
SPONT- HOM vs HETM 22 15 0 .23  0 .0 3  315.5  <0.0001**
SPONT + HOM v s  SIB 22 5
SPONT- HOM vs SIB 22 5
0 .28  0 .0 0 4  110.0  0 .0006'
0 .23  0 .0 2  106.5  0 .0013'
SP0NT+ HOM v s  FEAT 22 15 0 .28  0 .01  328 .0  <0.0001**
SPONT- HOM v s  FEAT 22 15 0 .2 3  0 .01  320.0 <0.0001**
SPONT+ HET v s  SIB 23 5
SPONT- HET v s  SIB 23 5
0 .0 3  0 .004  8 2 .0  0.1314
0 .03  0 .0 2  6 9 .5  0.4459
SPUNT+ HETM va SIB 15 5
SPONT- HETM Vs  SIB 15 5
0 .0 4  0 .004  5 5 .0  0.1200
0 .03  0 .0 2  4 5 .0  0.4902
SP0NT+ HET v s  FEAT 23 15 0 .03  0 .01  235 .0  0 .0568
SPONT- HET v s  FEAT 23 15 0 .03  0 .01  221 .5  0.1319
SP0NT+ HETM Vs  FEAT 15 15 0 .0 4  0 .01  154 .0  0 .0810
SPONT- HETM vs FEAT 15 15 0 .0 3  0 .0 1  142 .0  0 .2108
SP0NT+ SIB v s  FEAT 5 15 0 .004 0 .01  3 8 .5  0.9287
SPONT- SIB v s  FEAT 5 15 0 .02  0 .0 1  4 3 .0  0.6221
Continued
V ariable Com pari son 
(1 ) (2)
Sample S ize  
(1) (2)
Means 
(1 ) (2)
Mann
Whitney
Value
P
SFONT+ 00N v s  HOM 41 24 0 .02 0.03 984 .0 <0.0001**
SPONT- 00N v s  K)M 41 24 0.01 0 .02 976 .5 <0.0001**
SPONT+ 00N v s  HET 41 27 0 .02 0 .04 733 .0 0.0158
SPONT- CDN v s HET 41 27 0 .01 0.03 726 .0 0.0141
SPONT+ CDN vs HETM 41 18 0 .02 0 .04 49 4 .0 0.0266
SPONT- CDN v s HETM 41 18 0.01 0 .02 470.5 0.0533
SPONT+ CDN v s SIB 41 6 0 .0 2 0 .02 102.5 0.4754
SPONT- CDN v s SIB 41 6 0.01 0.01 114.5 0.7366
SPDNT+ CDN v s FEAT 41 15 0 .02 0.03 239.0 0.1702
SPONT- CDN v s FEAT 41 15 0.01 0 .02 205.0 0.0285
NOTE:
* *
+ / -
hbtm
means
s ig n if ic a n t  a t  5% le v e l  ( i . e .  p<0.0125 for comparisons with  
c o n tr o ls , and p<0.0083 for a l l  oth er comparisons -  refer  to  
s e c t io n  2 .7 .1 )
s ig n if ic a n t  a t 1% le v e l ( i . e .  p<0.0025 for a l l  comparisons 
w ith c o n tr o ls  and p<0.0017 for a l l  other comparisons -  r e fer  
to  s e c t io n  2 .7 .1 )
in c lu d in g /ex c lu d in g  gaps r e s p e c t iv e ly  
h eterozygotes -  mothers on ly  ( i . e .  excluding fa th ers)  
mean va lu es a f t e r  su b tra ctio n  o f co n tro l va lu es (not 
a p p lica b le  to  comparisons w ith c o n t r o ls ) ; expressed  as  
'b r e a k s /c e l l1.
3.4.2.2 DEB [0.1 wg/mi] - induced chromosome breakage
Table 3 .23  P a ir-w ise  comparisons o f DEB [0 .1  /# /m i]-in d u cecl breakac -  
va lu es (T est used: Mann-Whitney)
V ariable
DEB+
DEB-
Comparison 
( 1 ) ( 2 )
HOM v s  MET 
HDM v s  HET
Sample S ize  
( 1 ) ( 2 )
Means 
( 1 ) ( 2 )
Mann-
Whitney
Value
12
12
11
11
3 .25  0 .07
2.43 0 .03
134.5
133.5
0.0003**
0.0004**
DEB+
DE8-
HDM v s  HETM 12 7 3 .25 0 .09  7 9 .0  0.0017*
HDM v s  HETM 12 7 2 .43 0 .07  78 .5  0.0020*
DEB+
DEB-
HDM vs SIB 
HDM vs SIB
12
12
2
2
3 .25  0 .03
2 .43  0 .00
23 .5
2 3 .0
0.0356
0.0437
DEB+
DEB-
HDM v s  FEAT 12 5 3 .25 0 .02  58 .0  0.0031*
HDM vs FEAT 12 5 2 .43  0 .01 56 .5  0.0052*
DEB+
DEE-
DEB+
DEB-
DEB4-
DEB-
DEB+
DEB—
HET V S SIB 1
HET vs SIB 1
HETM vs SIB 
HETM VS SIB
HET V S  FEAT 1
HET V S FEAT 1
HETM v s  FEAT 
HETM v s  FEAT
2
2
2
2
5
5
5
5
0 .07  0.03
0 .03  0 .00
0 .09  0 .03
0 .07  0 .00
0 .07  0 .02
0 .03  0 .01
0 .0 9  0 .02
0 .07  0.01
19 .0
18 .0
12.0
11.0
4 3 .0
37 .5
27 .5
25 .0
0.1033
0.1600
0.1348
0.2316
0.0703
0.2516
0.0971  
0.2200
DEB+
DEB-
SIB v s  FEAT 
SIB v s  FEAT
2 5 0 .0 3  5 .0  1.0000
2 5 0 .0 0  0 .01  3 .0  0.4170
Continued
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V ariable Comparison 
(1) (2)
Sample S ize  
(1 ) (2)
Means 
(1 ) (2 )
Mann-
Wtv.tney
Value
P
DEB+ ODN vs HOM 20 13 0 .02 3.41 259-5 <0.0001**
DEB- ODN vs HOM 20 13 0 .02 2.58 258 .0 <0.0001**
DEB+ CDN vs HET 20 12 0 .02 0.12 231 .5 0.0000**
DEB— G3N vs HET 20 12 0.02 0 .0 8 207.5 0.0005**
DEB+ CDN vs HETM 20 8 0.02 0 .1 2 157.5 0.0001**
DEB- CDN vs HETM 20 8 0 .02 0 .0 9 3 6 .0 0.0003**
DEB+ CDN vs SIB 20 3 0.0? , 06 1 7 .0 0 .2183
DEB- CDN vs SIB 20 3 0 .0 ' ;.u 4 16 .5 0.1935
DEB+ CDN vs FEAT 20 5 0 .02 0 .0 3 3 9 .0 0.4381
DEB- CDN vs FEAT 20 5 0 .02 0 .02 4 3 .0 0.6141
NOTE:
* = s ig n if ic a n t  a t 5% le v e l  ( i . e .  p<0.0125 for comparisons w ith
c o n tr o ls , and p<0.0083 for a l l  other comparisons -  r e fe r  to  
sec tio n  2 .7 .1 )
** = s ig n if ic a n t  a t  1% le v e l  ( i . e .  p<0.0025 for a l l  comparisons
with c o n tr o ls  and p<G.0017 tor a l l  o th er  comparisons -  re fer  
to  se c t io n  2 .7 .1 )
+ / -  = in c lu d in g /exc lu d in g  gaps r e s p e c t iv e ly
HErM = h eterozygotes -  mothers on ly  ( i . e .  excluding fa th ers)
means = mean va lu es a f te r  su b traction  of co n tro l va lu es  (not
ap p lica b le  to  comparisons w ith  c o n t r o ls ) ; expressed as  
•b r e a k s /c e l l ' .
3 . 4 . 2 . 3  MMC [0 .01  /iq /m l] -  induced chromosome breakage
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TABLE 3.24 P a ir-w ise  comparisons o f MMC [0 .01  ^ig/ml] -  induced 
breakage va lu es  (T est used: Mann Whitney)
Mann-
V ariable Comparison Sample S ize  Means Whitney p
(1 ) (2) (1) (2) (1) (2) Value
MMC+ HOM v s  MET
MMC- HOM vs HET
MMC+ HOM vs HETM
MMC- HOM v s  HETM
W4C+ HOM v s  SIB
MMC- HOM v s  SIB
HOM vs FEAT 
MMC- HOM v s  FEAT
MMC+ HET vs SIB
MMC- HET VS SIB
7
7
4
4
1
1
5 
5
1
1
1.98 0 .04
1.78 0 .04
1 .96  0 .07
1 .78  0 .06
1 .98  0 .13
1.78 0 .10
1 .98  -0 .0 2
1.78  -0 .0 3
0 .04  0 .13
0 .0 4  0 .1 0
4 9 .0
4 7 .0
23 .0
27 .0
7 .0
6.0
35 .0
35 .0
0.0
0 .5
0.0017*
0.0038*
0.0080*
0.0132
0.1266  
0.2752
0.0044*
0.0044*
0.1175  
0.1824
MMC+ HETM vs SIB 4 1 0 .07  0 .1 3  0 .0  0 .1468
MMC- HETM vs SIB 4 1 0 .0 6  C. 10 0 .0  0.1468
MMC+
m c -
HET v s  FEAT 7 5 0 .0 4  -0 .0 2  2 9 .0  0.0564
HET v s  FEAT 7 5 0 .0 4  -0 .0 3  30 .5  0.0326
MMC+ HETM vs FEAT 4 5 0 .0 7  -0 .0 2  16.5  0.1024
MMC- HETM vs FEAT 4 5 0 .0 6  -0 .0 3  18 .0  0.0463
MMC+
MMC-
SIB v s  FEAT 1 5 0 .1 3  -0 .0 2  5 .0  0.1375
SIB v s  FEAT 1 5 0 .1 0  -0 .0 3  5 .0  0.1375
Continued
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V ariable Com pari son 
(1) (2 )
Sample S ize  
(1) (2)
Means 
(1 ) (2)
Mann-
Whitney
Value
P
MMC+ CDN vs HOM 14 7 0 .07 2 .06 9 7 .0 0.0003**
MMC- CDN VS HOM 14 7 0 .06 1.85 9 2 .0 0.0012**
MMC+ CDN VS MET 14 9 0 .07 0 .1 3 8 5 .0 0.1603
MMC- CDN VS HET 14 9 0.06 0 .1 0 82 .0 0.2246
MMC+ CDN vs HETM 14 5 0.07 0.11 4 6 .0 0.3020
MMC- CDN vs HETM 14 5 0 .06 0 .10 4 4 .5 0.3715
MMC+ CDN VS SIB 14 1 0 .07 0 .27 0 .0 0.1018
MMC- CDN VS SIB 14 1 0.0b 0 .23 0 .0 0.1002
MMC+ CDN VS FEAT 14 5 0.07 0 .03 51.5 0.1196
MMC- CDN vs FEAT 14 5 0 .06 0 .02 51.0 0.1280
NOTE:
*
* *
+ / -
HETM
means
s ig n if ic a n t  a t  5% le v e l  ( i . e .  p<0.0125 for comparisons w ith  
c o n tr o ls , and p<0.0U83 tor a l l  oth er comparisons -  r e fer  to  
s e c t io n  2 .7 .1 )
s ig n if ic a n t  a t  1% le v e l  ( i . e .  p<0.0025 tor a l l  comparisons 
w ith c o n tr o ls  and p<0.0017 tor a l l  o th er comparisons -  re fer  
to  s e c t io n  2 .7 .1 )
in c lu d in g /ex c lu d in g  gaps r e s p e c t iv e ly  
h eterozygotes -  mothers only ( i . e .  exclu d in g fa th ers)  
mean va lu es a f t e r  su b traction  o f co n tro l va lu es (not 
a p p lica b le  to  comparisons w ith c o n t r o ls ) ; expressed as  
'b r e a k s /c e l l ' .
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3 .4 .3  Between c la s s e s  a n a ly s is  o f c e l lu la r  in s t a b i l i t y  r a te s
3 .4 .3 .1  Spontaneous c e l lu la r  in s t a b i l i t y
TABLE 3 .25  P a ir-w ise  comparisons o t spontaneous c e l lu la r  in s t a b i l i t y  
r a te s  (T est used: Mann-Whitney)
Mann-
Oomparison Sample S ize  Means Whitney p
(1 ) (2 ) (1 ) (2 ) (1) (2) Value
H0M v s BET 24 27 21.87 4 .1 6 64 1 .0 <0.0001**
H0M v s SIB 24 6 21.87 2.11 144.0 0.0002**
non v s FEAT 24 15 21.87 2.71 359.0 <0.0001**
H0M v s 00N 24 41 21.87 1.71 0 .0 <0.0001**
BET v s SIB 27 6 4 .16 2.11 9 8 .5 0.3973
BET v s FEAT 27 15 4.16 2.71 230.5 0.4452
BET vs CON 27 41 4 .16 1.71 388.0 0.0269
SIB vs FEAT 6 15 2.11 2.71 4 6 .5 0.9035
SIB v s CDN 6 41 2.11 1 .71 104.0 0.5125
PlAT vs CON 15 41 2.71 1.71 253 .0 0.2781
* = s ig n if ic a n t  a t  5% le v e l  i . e .  p<0.005 (or 0 .0 5 /1 0 )
** * s ig n if ic a n t  a t 1% le v e l  i . e .  p<0.001 (or u .01 /10)
* and ** -  for exp lan ation s re ter  to  s e c t io n  2 .7 .1
means -  expressed  as % unstable c e l l s
3 .4 .3 .2  DEB [0 .1  jug/mlj -  induced c e l lu la r  i n s t a b i l i t y
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TABLE 3.26  P a ir-w ise  comparisons c f  DEB [0 .1  /ig /m l] -  induced
c e l lu la r  in s t a b i l i t y  r a te s  (T est used: Mann-Whitney)
Mann-
Comparison Sample S ize  Means Whitney p
(1) (2) (1) (2 ' (1) (2) Value
H0M vs HET 13 12 78.62 9 .56 148.5 0.0001**
H0M v s SIB 13 3 78.62 5.33 3 8 .0 0.0118
HOM vs FEAT 13 5 78.62 2 .80 6 5 .0 0.0013*
H0M vs CUN 13 20 78.62 2 .23 1 .0 <0.0001**
HE7T vs SIB 12 3 9 .56 5.33 2 7 .0 0.1899
HET vs FEAT 12 5 9 .56 2 .80 57 .5 0 .0035
MET vs CDN 12 20 9 .5 6 2.23 9 .0 <0.0001**
SIB vs FEAT 3 5 5.33 2 .80 4 .0 0.2789
SIB vs CDN 3 20 5.33 2.23 18.5 0.2762
FEAT vs CDN 5 20 2 .80 2 .23 4 0 .5 0 .5028
* = s ig n if ic a n t  a t 5% le v e l  i . e .  p<0.005 (or 0 .0 5 /1 0 )
** = s ig n if ic a n t  a t 1% le v e l  i . e .  p<0.001 (or 0 .0 1 /1 0 )
* and ** -  for exp lan ation s re fer  to  sec tio n  2 .7 .1
means -  expressed as % in s ta b le  c e l l s
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3 . 4 . 3 . 3  MMC [0 .01  jxq/ml] -  Juced c e l lu la r  in s t a b i l i t y
Table 3.27 P a ir-w ise  comparisons o f MMC [0 .01  /xg/ml] -  induced
c e l lu la r  in s t a b i l i t y  r a te s  (Test u sed : Mann-Whitney)
Comparison 
(1 ) (2)
Sample S ize  
(1) (2)
Means
(1) (2)
Mann-
Whitney
Value
P
H0M VS HET 7 9 60.95 11.36 60 .0 0.0025*
HOM vs SIB 7 1 60.95 13.33 7 .0 0.1244
H0M Vfl FEAT 7 5 60.95 2.67 35 .0 0.0043*
HOM VS CDN 7 14 60.95 6-48 1 .0 0.0003**
HET v s SIB 9 1 11.36 13.33 3 .5 0.7245
MET v s FEAT 9 5 11.36 2.67 36.5 0.0580
HET v s CDN 9 14 11.36 6 .48 39.5 0.1319
SIB v s FEAT 1 5 13.33 2.67 0 .0 0.1317
SIB vs 00N 1 14 13.33 6 .48 1 .0 0.1577
FEAT v s CDN 5 14 2.67 6 .48 51.5 0.1182
* = s ig n if ic a n t  a t r>% le v e l  i . e .  p<0.005 (or 0 .0 5 /1 0 )
** * s ig n if ic a n t  a t 1% le v e l  i . e .  p<0.001 (or 0 .0 1 /1 0 )
* and ** -  for exp lan ation s refer  to  se c t io n  2 .7 .1
means -  expressed as % unstable c e l l s
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3 .4 .4  ' Between c la s a e a 1 a n a ly s is  o l  the number o f  
'breakage-typ e' ab errat ions
3 .4 .4 .1  Spontaneous 'breakage-typ e' :n arra tion s
TABLE 3 .28  P a ir-w ise  comparisons o f spontaneous ' oreak age-typ e1 
aberration  r a te s  (T est used: Mann-Whitney)
Comparison
(1) (2)
Sample S ize  
(1) (2) (1)
Means
(2)
Mann-
Whitney
Value
P
H0M v s HET 24 27 0 .25 0.04 64 2 .0 <0.0001**
H0M vs SIB 24 6 0 .25 0.02 144.0 0.0002**
H0M v s FEAT 24 15 0 .25 0.03 359.0 0.0001**
HOI vs CON 24 41 0 .25 0.02 0 .0 0.0001**
HET vs SIB 27 6 0 .04 0.02 9 8 .5 0 . 3975
MET V3 FEAT 27 15 0 .04 0.03 229.5 0.4620
HEf VS CON 27 41 0 .04 0.02 375.0 0.0189
SIB VS FEAT 6 15 0 .02 0 .03 48 .5 0.7780
SIB VS CDN 6 41 0.02 0.02 102.5 0.4754
FEAT VS CON 15 41 0 .03 0.02 239.0 0.1702
* = s ig n if ic a n t  a t S'*, le v e l  i . e .  p<0.005 (or 0 .0 5 /1 0 )
** = s ig n if ic a n t  a t 1% le v e l  i . e .  p<0.001 (or 0 .0 1 /1 0 )
* and ** -  for expla.iationa r e fe r  to  s e c t io n  2 .7 .1
means -  expressed as 'c r e a k s ' /c e l l
3 .4 .4 .2  DEB [0 .1  /ig /m lj -  induced 'breakage-type* ab erration s
TABLE 3 .29  P a ir-w ise  comparisons o t DEB [0 .1  fig/mi]  -  induced 
1 b reakaye-typ e1 atierracion r a te s  (T est used: 
Mann-Whitney)
Comparison 
(1) (2)
Sample
(1)
S ize
(2) (1)
Means
(2)
Mann-
Whitney
Value
P
HOM v s  Her 13 12 2.99 0 .12 148.0 0.0001**
HOM v s  SIB 13 3 2.99 0 .06 37 .5 0.0154
HOM V3 Ft 13 5 2 .99 0 .03 6 5 .0 0.0013*
HOM v s 00N 13 20 2 .99 0.02 0 .5 <0.0001**
Her v s  SIB 12 3 0 .12 0 .06 27 .0 0.1903
Her VS FEAT 12 5 0.12 0.03 55.5 0.0066
Her v s  00N 12 20 0 .12 0 .02 7 .0 <0.0001**
SIB v s  FEAT 3 5 0 .06 0 .03 4 .0 0.2819
SIB VS 00N 3 20 0 .0 6 0 .02 17.0 0.2183
FEAT v s  00N 5 20 0.03 0 .02 39 .0 0.4381
* -  s ig n if ic a n t  a t  5% le v e l  i . e .  p< 0.005 (or 0 .0 5 /1 0 )
** = s ig n if ic a n t  a t  1% le v e l  i . e .  p<0.001 (or 0 .0 1 /1 0 )
* and ** -  tor ex p lan ation s re fer  to  s e c t io n  2 .7 .1
means -  ex pressed as 'c r e a k s ' /c e l l
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3 .4 .4 .3  MMC [0 .01  ^ g/m l] -  induced 'breakage-type* ab erration s
TABLE 3 .30  P a ir-w ise  comparisons o f MMC [0 .01  ^ig/ml] -  induced 
1 breakage-typ e’ aberration  r a te s  (T est used: 
Mann-Whitney)
Comparison
(1 ) (2)
Sample S ize  
(1 ) (2) (1)
Means
(2)
Mann-
Whitney
Value
P
H0M v s HET 7 9 1.69 0 .13 59 .0 0.0034*
H0M VS SIB 7 1 1.69 0 .20 6 .0 0.2724
H0M v s  FEAT 7 5 1.69 0 .02 3 5 .0 0.0041*
H0M VS 0DN 7 14 1.69 0.07 1 .0 0.0003**
MET vs SIB 9 1 0 .13 0 .20 2 .5 0.4696
HET v s  FEAT 9 5 0.13 0.02 3 7 .0 0.0483
HET VS CON 9 14 0.13 0 .07 4 1 .0 0 .1603
SIB v s  FEAT 1 5 0 .20 0.02 0 .0 0.1138
SIB VS 00N 1 14 0 .20 0.07 0 .5 0.1283
FEAT VS QON 5 14 0.02 0 .07 5 5 .0 0.0587
* = s ig n if ic a n t  a t  5% le v e l  i . e .  p<0.005 (or 0 .0 5 /1 0 )
** = s ig n if ic a n t  a t  1% le v e l  i . e .  pO.OOl (or 0 .0 1 /1 0 )
* and ** -  for exp lan ation s re fer  to  se c t io n  2 .7 .1
means -  expressed as 'b r e a k s '/c e l l
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3 .5  AMNIOTIC FLUID CELL AND FIBROBLAST STUDIES
The am niotic f lu id  c e l l  and f ib r o b la s t  s tu d ie s  are to  be considered  
togeth er  s in c e  the f ib r o b la s t  c u ltu re s  from an a ffe c te d  homozygote, 
togeth er  w ith normal am niotic f lu id  c e l l  c u ltu r e s , served as  c o n tr o ls  
for the 'a t - r is k '  am niotic c e l l  cu ltu re  th at was in v e s tig a te d  in the  
course o f  the present stud y .
Only one am niotic f lu id  from a pregnancy a t - -  for FA was
c y to g e n e t ic a lly  analyzed with a view to  pretioi u ia g n o sis  o f FA.
An am niotic f lu id  specimen being in v e s tig a te d  because o f  the m other's 
a g e , was sim u ltan eou sly  cu ltu red  and served as  a 'norm al' c o n tr o l.
A f ib r o b la s t  cu ltu re  e s ta b lish e d  from a sk in  biopsy of a FA 
homozygote (th e  brother o f the fo e tu s  being p r e n a ta lly  in v e s tig a te d )  
was a ls o  sim u ltan eou sly  s tu d ied . Following term ination o f the 
'a t - r is k '  pregnancy, fo e ta l  sk in  f ib r o b la s ts  were cu ltu red  and 
screened for  the presence o f increased  chromosomal f r a g i l i t y .
3 .5 .1  R esu lts  o f am niotic f lu id  c e l l  and f ib r o b la s t  s tu d ie s
The karyotype o f the cu ltu red  'a t - r is k '  am niotic c e l l s  was 4 6 ,XX. 
R esu lts  o f spontaneous and DEB-induced [0 .1  ^tg/ml and 0 .5  /ig /m l] 
chromosome breakage s tu d ie s  in cu ltu red  am niotic f lu id  c e l l s ,  FA 
homozygote sk in  f ib r o b la s t s ,  fo e ta l  sk in  f ib r o b la s t s  (obtained a f te r  
term ination o f  pregnancy) and normal co n tro l am niotic c e l l s  are 
summarized in  Tables 3.31 and 3 .3 2 .
L"'
179
§u
1
o
2r
5
g
8
1
1
m
m
i
i  3
I
u o
a
2 8CD \
s  %Q) H
& Cl.
1
2
1
U
sf—4
9-t?
8
l
ro in mro ao m
ro -< rn m n
3 ro r~ roin oj v£> in
O O O O O
CM ro
m  c m  oo c m
O  O  O  I r—I
V)
d
8
u
* *H H -» H
9 ^  ^  ^  ^
0  o a  o q  c n  c q
g 8  8  8  8
(0 O' O’ CT1 O'u =$. a.
Q f-H rH in in
lL • • • •CO o o o o
1  06
ufl
3u
£
^  r: <2 C2ro 10 ro ro 8
ro n> ro ro ro
ro ro ro ro roO -I o o o
d d o d o
o o o o o
o r-« o o o
9
i
i
^  ^  CO to 0Q 00
8  8  8  8O' O' O' O'
=1 n  =1. =1
r-t r-( m in
o o o o
du
§
'B
RE
AK
S'
 
= 
al
l 
ga
ps
, 
br
ea
ks
, 
fr
ag
m
en
ts
 
an
d 
d
el
et
io
n
s
* 
= 
DE
B 
re
m
ov
ed
 
48 
ho
ur
s 
pr
io
r 
to 
ha
rv
es
ti
ng
 
(r
ef
er
 
to 
se
ct
io
n 
2
.2
.3
.8
)
i
8
4J0)10
1•H4-1
•5
5
0)
nm m
3
5  .iT3 M
2 3
CO \
1 1  
CX Cu
I
3
CD -2
y .%w
3
CO —<
8
0
1
r~  cm o  m  r -CN CO O ro
O O O --I r-<
O O O O ^ - I
2to
o\
•*
E
§
§a(0
so
Cl, <
Z  Cl,
i l l . .
CD CO CO (O
S S 8  S
O' O' ct1 O'
a .  a .  = t  =i-
i— I i—I l A  l A
o o o o
r~  r -  r -  ad r~\£> i£> CO LA CD
OJ 0- 8 $ 8 s CD
d r-4 d r-4 d d d d "—4 d
O O O r-« M
CO -S ^  m 00r-l —t ccj
O O O O O
5ca
CO
I
!
* *
1 1  1 1  
CO 00 CO CD
8  8  8  8
S. §. §. =L
M  r-« lA  lA
O O O O
'B
RE
AK
S'
 
= 
al
l 
ga
ps
, 
br
ea
ks
, 
fr
ag
m
en
ts
 
an
d 
d
el
et
io
n
s
* 
= 
DE
B 
re
m
ov
ed
 
48 
ho
ur
s 
pr
io
r 
to 
ha
rv
es
tin
g 
(r
ef
er
 
to 
se
ct
io
n 
2
.2
.3
.8
)
Section
181
4. DISCUSSION OF RESULTS
4 .1  PERIPHERAL BLOOD LYMPHOCYTE STUDIES
4 .1 .1  Sample s iz e
The 's in s '  c la s s  i s  n o ticea b ly  sm all (n=6) s in ce  nrothers and s i s t e r s  
o f a ffe c te d  FA p a t ie n ts  were s p e c i f ic a l ly  not requested for  the 
purposes o f th is  study as s in lin q s  c o n s t itu te  a somewhat ' unknown 
q u a n tity '. At p resen t, i t  i s  im possib le to  a sce r ta in  whether these  
in d iv id u a ls  are heterozyqous tor the FA qene or normal, or 
a lte r n a t iv e ly ,  may in the future develop  pancytopenia.
In view o f  the 24 homozyqotes stu d ied , c le a r ly  more than 28 
heterozyqotes ( i . e .  parents of FA homozyqotes) could have been 
s tu d ied . U nfortunately , althouqh bloods were requested on a l l  
o b liq a to ry  h eterozyq otes, p r iv a te  c l in ic ia n s  were o ften  unable to  
comply with th is  r eq u e st. Furthermore, most ch ild ren  are u su a lly  
accompanied by on ly  one parent (u su a lly  the mother) on v i s i t s  to the 
p a rtic ip a tin q  haematoloqy c l i n i c s .  With resp ect to  the Black 
p a t ie n ts , both parents u su a lly  work resu ltin q  in the ch ild ren  oeinq 
accompanied by another member o f the fam ily eq . the qrandmother.
I t  should be noted that the present study i s  larq er than any other  
p rev iou sly  published comparable study on enhancement o f chromosomal 
breakaqe in FA. (See Tables 3.11 and 3 .12)
4 .1 .2  Ethnic group
The homozygote group and consequently by d e t in it ic r  . the heterczyqote  
group, were composed e n t ir e ly  o f  e ith e r  Whites or B lacks. The 
m ajority o f White homozyqotes (14 out o f  a to ta l o f  16) stem from 
predominantly A frikaans-speaking fa m ilie s .  ( I t  should be noted that 
Afrikaans i s  the home language o f approxim ately 57% o f South African  
Whites -  see  se c tio n  3 .1 3 ) .  This s itu a t io n  i s  probably a ttr ib u ta b le
to  a founder e f f e c t  in a once sm all Afrikaans community. (See 
s e c t io n  4 .1 .3 )  Of the 8 Black p a t ie n ts  included in the present 
study , 2 were Zulu, 4 were Sotho, 1 was a Tswana and 1 in d iv id u a l was
from Zimbabwe. S ince the Coloured people trace  part o f th e ir
an cestry  back to  White A frikaners and B lacks, some a ffe c te d  Coloureds 
were ex p ected . Rather su r p r is in g ly , no Coloured p a t ie n ts  were 
referred  tor in v e s t ig a t io n .
The high number o f  Blacks w ith ' fea tu res  o f FA' compared to  Whites in  
t h is  group could be due to  a p ostu la ted  var ian t su b -c la s s  o f FA in 
the B lacks, which m an ifests with incom plete exp ression  o f the FA 
gen e . A lte r n a tiv e ly , the sm all group o f referr in g  d octors a t  
Baragwanath h o s p ita l, the source o f a l l  Black bloods s tu d ied , may
sim ply have been more in ter e sted  in the syndrome and would
consequently  have referred  a g rea ter  proportion o f th e ir  p a t ien ts  to  
our cy to g e n e tic s  u n it , including th ose which did  not f i t  the  
' c l a s s i c 1 FA p a ttern .
4 .1 .3  Prevalence o f homozygous and heterozygous Fanconi's  
anaemla
Ttie estim ated  prevalences o f FA homo zygotes and heterozygotes in the  
Afrikaner population under study are much higher than those 
e lsew h ere . For exam ple, Sw ift (1976) estim ated  th at heterozygotes in  
New York S ta te  occur a t a minimun frequency of 1 in 300, w hile  
according to A r le tt  and Lehmann (1978), V.'under arrived  a t a frequency 
o f 1 in 125 in a 'mid-European1 p op u lation . By comparison, the 
present study has revealed  chat A frikaans-speaking h eterozygotes in 
the Johannesburg area (see  F ig . 3 .1 )  occur w ith a minimun prevalence  
o f approxim ately 1 in 80 (1 in 77 tased  on l iv e - b ir t h s  or 1 in 83 
based on poin t prevalence d a ta ).
I t  i s  b e liev ed  then that the gene for FA i s  unusually  common among 
the Afrikaans community tor the same reason th at a v a r ie ty  o f g e n e tic  
d iso rd ers  including l ip o id  p r o te in o s is  (I ley l, 1970), porphyria  
va r iega ta  (Dean, 1971), Oudtshoorn sk in  (F indlay e t  a l . ,  1977), 
s c le r o s t e o s is  (Beighton e t  a l . ,  1977) and fa m ilia l
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hypercholesterolaem ia (Jenkins e t _ a l . ,  1980) are common in th is  
community -  namely, random g e n e tic  d r i f t  in the form o f a founder 
e f f e c t .
I t  has been pointed out by Dean (1973) th at the Afrikaans p op u lation , 
during a period o f about 300 y ea rs , underwent an in crease  in s iz e  of 
approxim ately 12 50 0 -fo ld , w h ile  B r ita in 's  pop u la tion , for  example, 
increased  by about 6 - fo ld  during th a t tim e. The Afrikaans community 
s ta r te d  w ith a sm all number o f 'founders' when the Dutch East India 
Company e s ta b lish e d  a refreshm ent s ta t io n  a t the Cape in 1652. By 
1663 there were 13 immigrant fa m ilie s  a t  the Ceoe and some 15 years 
la te r  the White population to t a l le d  359. A ve’'; s ig n if ic a n t  ad d ition  
to  t h is  m ainly Dutch and German population was made in 1688 when 200 
Huguenots (m ainly s ta b le  fam ily  groups) arrived  in the Cape. By 1701 
the White population o f the Cape to t a l le d  1265 and by the end o f the 
18th century i t  had reached 15 000 (R oss, 1975).
I t  one or two of the o r ig in a l 'founders' had happened to  p o ssess  the  
FA a l l e l e ,  i t  i s  q u ite  con ceivab le  th at the gene could be present in 
the high frequency p ostu la ted  from the present study. Dean (1973) 
co n v in c in g ly  showed th a t such a founder e f f e c t  accounted for the 
extrem ely high prevalence (about 1 in 250) o f  porphyria variegata  
among Afrikaners in the 1960' s .  I t  should be noted th at although the 
present stud y  was confin ed  to  the Johannesburg area , a r e la t iv e ly  
la rg e  number o f FA p a tien ts  i s  known in the Bloem fontein area (Marx 
e t  a l . ,  1983).
I t  i s  u n lik e ly  th at 19th century iim ngration from European c o u n tr ie s , 
c h ie f ly  B r ita in , would have s ig n i f ic a n t ly  reduced the frequency o f  
the FA gene by a d ilu t io n  e f f e c t .  F ir s t ly ,  the numbers were sm all 
and secon d ly  there was minimal in te g r a tio n . For example, o f the 
36 000 em igrants who arrived  from the U.K. before 1869, on ly  h a lf  
remained in  South A fr ica . During the 19th century South A frica  
a ttra c te d  o n ly  0.7% o f B r it ish  em igrants, w hile  A u stra lia  took 14% 
(C hristopher, 1976).
U nfortu nately , the present s o c ia l  s tru ctu re  in South f+ r ica  prevents  
any r e l ia b le  estim ate  o f the prevalence o f the FA gene in the Black
community beinq made. FA ca se s  occurring in the rural areas may w ell 
qo unrecorded and the r e la t iv e ly  poor h ea lth  care s e r v ic e s  in th ese  
areas w i l l  o ften  r e s u lt  in diagnosed ca se s  being lo s t  to  fo llow -u p .
In a d d itio n , th ere  i s  some doubt about the accuracy o f  population  
census f ig u r e s , e s p e c ia l ly  as they r e la te  to  the rural a rea s . I t  
should , however, be pointed out that a t le a s t  25 unequivocal Black FA 
homozyqotes have been treated  a t Baraqwanath H o sp ita l, a large  
r e fe r r a l h o sp ita l cii the o u tsk ir ts  o f Johannesburg, ovet recent  
years (L. McDougall, personal communication, 1985). (Based on the 
1980 Population Census, i t  may be estim ated th at the Black community 
iqe 24 years or l e s s  resid in g  in the TransvaaJ numbers approxim ately  
3 461 369). A numner o f Black p a tien ts  have a ls o  been reported in 
tne Bloem fontein area (Marx e t  a l . ,  1983). C learly  then , th ese  
fin d in g s  are in co n tra st with those of Meme e t  a l . (1975) who 
reported FA as beinq rare in in d iv id u a ls  c 'Bantu' e x tr a c tio n .
4 .1 .4  Sex
I t  i s  o f in te r e s t  th at the homozygote group c o n s isted  o f an equal 
nunoer o f males and fem ales. This d is tr ib u t io n  i s  in c o n f l i c t  w ith  
previous rep orts which in d ica te  a s h u t  in the sex r a tio  towards 
m ales. (See se c t io n  1 .3 )  However, a sample s iz e  o f 24 i s  probably 
g r o ss ly  inadequate in attem pting to c la r i t y  whether a tte c te d  males do 
in fa c t outnumber homozygous fem ales. As is  to  be expected , a 
greater  number of heterozygous fem ales than males were in v e s tig a te d .  
The exp lanation  for th is  i s  ttiat i t  i s  far more common for a c h ild  to  
be accompanied to the c l in ic ia n  tiy i t s  mother rattier than by the 
fa th e r . I t  thus fo llo w s th at temale h eterozygotes were more 
a c c e s s ib le  for study. In sec tio n  2 .1 .1 , i t  was pointed out that the 
con tro l group c o n s is ted  of 'normal' b loods randomly s e le c te d  from 
those being in v e stig a te d  in the laboratory p lus laboratory  
personnel. Among our laboratory s t a f f ,  males are outnumbered by 
about 15:1, ex p la in in g  the 1 .6  : 1 :: fem ale : male r a tio  in the 
con tro l c la s s .
I t  i s  c le a r  th a t a l l  c la s s e s  c o n s isted  o f su b jec ts  d if fe r in g  w id ely  
in a g e . C orrelation  o f age w ith chromosomal breakage would 
consequently  be d i f f i c u l t  to study and would not be expected to  
co n tr ib u te  g r e a t ly  to  our understanding o f the b a s is  o f chromosomal 
breakage. furtherm ore, most previous rep orts have in d icated  no 
d ir e c t  r e la t io n sh ip  between age and the ex ten t o f chromosomal 
f r a g i l i t y .  (See se c t io n  1 .6 .1 .8 )  With resp ect to  the homozygote 
c la s s ,  i t  should tie noted th at the mean age of th ese  p a t ien ts  in no 
way r e f le c t s  the mean age o f on set o f pancytopenia. The mean age i s  
sim ply the average age o f the p a t ie n ts  a t  the tim e o f cy to g en etic  
a n a ly s is .
4 .2  PERIPHblRAIi BLOOD LYMPHOCYTK CHROMOSOME ANALYSIS
As recorded in se c t io n  3 .2 , no s ta b le  stru ctu ra l/n u m erica l 
chromosomal abn orm alities were noted in  any o f the su b jec ts  included  
in the present stud y . I t  i s  however r e a liz e d  th a t the a n a ly s is  o f  
on ly  15 metaphases per case  is  not s u f f ic ie n t  to  d e te c t  a minor 
acquired c lo n a l abnorm ality.
4 .3  PERIPHERAL BI/X)D LYMPHOCYTE CHROMOSOME BREAKAGE STUDIES
4 .3 .1  Number of c e l l s  screened for chromosome breakage under 
d i f f e rent cu ltu re  co n d itio n s
4 .3 .1 .1  Number of c e l l s  screened
As d iscu ssed  in sec tio n  2 .6 .2 ,  i n i t i a l l y ,  where p o s s ib le , 50 
metaphases per ca se  per mutagenic parameter were screened for  
breakage. On the advice o f  the co n su ltin g  s t a t i s t i c i a n s ,  th is  
c r ite r io n  for studying chromosomal f r a g i l i t y  was la te r  changed to  30 
m etaphases. The r a tio n a le  behind th is  lowering o f  the nuntoer of
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c e l l s  screened was b a s ic a l ly  th a t 'n o rm a lity 1 can be assumed i f  30 
metaphases per case  in a t o t a l  of a t le a s t  30 cases are stu d ied . 
Unfortunately# as to  be expected  from any b io lo g ic a l  study# i t  was 
not always p o ss ib le  to  analyze the required p rese t number of 
metaphases due to  poor growth o f some o f the c u ltu r e s . Furthermore, 
the number o f ca ses  stu d ied  per cu ltu re  co n d ition  varied  g r e a t ly  and 
thus for com parative s t a t i s t i c a l  purposes, the s t a t i s t i c ia n s  
subsequently  deemed i t  n ecessary  to  apply non-param etric t e s t s .  (At 
t h is  point# i t  i s  perhaps appropriate to  mention th a t no d iffe re n c e  
in  growth was noted between untreated FA homozygote, FA heterozygote  
and normal con tro l c u ltu r e s .)
4 .3 .1 .2  R ationale fo r usin g  varying con cen tra tio n s of 
Diepoxybutane and Mitomycin C
I t  w i l l  be noted in Table 3.5# ttiat not a l l  ca se s  were subjected  to  
a l l  mutagenic treatm ents. Varying co n cen tra tion s o f DEB and NMC were 
te s te d  on ly  in heterozygotes and th e ir  c o n tr o ls  (w ith the one 
exception  o f a s in g le  s ib  te s te d  w ith 2 dosages o f MMC). I t  v«s not 
doemed n ecessary  to  t e s t  homozygotes w ith d if fe r e n t  DEB and MMC 
con cen tra tion s because the i n i t i a l  con cen tra tion s o f 0 . 1 /ig/m l DEB 
and 0.01 /ig/m l MMC resu lted  in h ig h ly  s ig n if ic a n t  in crea ses  in 
chromosome breakage w ithout a f fe c t in g  m ito tic  ind ex. (See se c t io n  
4 .4 .1 )  However, due to  the eq u ivoca l r e s u lt s  obtained in o b lig a to ry  
h eterozygotes using the la t t e r  co n cen tra tio n s , i t  was decided to  vary 
th ese  dosages in an attempt to  enhance c la s to g e n e s is  in c a r r ie r s  (one 
o f the aims of th is  s tu d y ).
At the o u tse t  o l the present study i t  was decided to  in v e s t ig a te  the 
enhancement o f bn v itr o  chromosome breakage a f te r  the ad d ition  o f  DEB 
a t  a concentration  of 0 .1  ^tg/ml. This DEB dosage was i n i t i a l l y  
chosen in an attem pt to compare data w ith th ose o f Auerbach e t  a l . ' s
(1981) im pressive c la s s ic a l  study. In the la t t e r  stud y , 5 
hom ozygotes, 8 obligatory h eterozygotes and 3 s ib s  were in v estig a ted  
for the e f f e c t s  o f the in_ v i t r o  ad d ition  o f 0 .1  /ig/m l DEB to  
peripheral blood c u ltu r e s . Although Auerbach e t  a l . ' s  r e s u lt s  appear 
c o n c lu s iv e , i t  was n e v e r th e less  n ecessary  to  t e s t  t h is  dosage (0 .1
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jig/m l) in our study sample under lo c a l cu ltu re  co n d it io n s .
Subsequent to  the commencement of the present study , a d d itio n a l 
DEB-induced breakage data have been published using con cen tration s o f  
DEB varying from 0 .01  /ig/ml to  1 /xq/ml. In no study was more than 1 
/ig/m l DEB used . Some o f th ese fin d in g s  are recorded in Table 3 .12 .
MMC was te s ted  a t con cen tra tio n s of 0 .01  and 0 .05  fig/ml c u ltu r e . The 
published s tu d ie s  using MMC to  c la s to q e m c a lly  s t r e s s  FA c e l l s  
prim arily  made use o f 0.01 ptq/ml MMC. Once aga in , in order to  
f a c i l i t a t e  a com parative study, th is  con cen tration  was p r e fe r e n t ia lly
chosen.
4 .3 .1 .3  Choice of cu ltu re  media
Two d if fe r e n t  cu ltu re  media were used v iz .  Hams F10 and M150. As 
pointed out in se c tio n  2 .1 .5 .2 ,  M150 l ik e  the well-known TC199, i s  a 
fo la te  d e f ic ie n t  medium which enhances the expression  o f the fr a g ile  
X in X-linked mental retard ation  and oth er fo la te  dependent f r a g ile  
s i t e s  in the normal human genome. (See sec tio n  5 .3 .5 .2 .2 )  I t  vas of
in te r e s t  to  in v e s t ig a te  whether th is  medium, which i s  l e s s  r ich  in
n u tr ien ts  than F10, might a ls o  enhance the exp ression  o f chromosomal 
f r a g i l i t y  in  FA. I n  prev i o u s  s tu d ie s  s im ila r  to  the p resen t,
Auerbach e t  a l . (1981) used Eagles MEM medium and Cohen e t  a l .
(1982a) used chromosome medium 1A. Medium 199 was u s e ' by Marx e t
a l .  (1983). (Ttie reader may . e fe r  to  the GIB00 c a ta lo g u e , for  
exam ple, for  the form ulation of the various a b o v e - s p e c if ie d  cu ltu re  
m edia.)
The r e s u lt s  obtained with the above-described v a r ia tio n s  in number o f  
c e i l s ,  co n cen tra tion s of DEB and MMC and d if fe r in g  cu ltu re  media are 
d iscu ssed  in sec tio n  4 .3 .2 .  I t  should tie pointed out th at the number 
o f  in d iv id u a ls  te s te d  using M150 medium was sm all and the in flu en ce  
o f th is  medium as opposed to  Hams F10 medium in producing breakage, 
was far from c o n c lu s iv e . Ttie r e s u lt s  o f the s t a t i s t i c a l  a n a ly s is  o f 
th ese  data are considered  in sec tio n  4 .4 .
4 .3 .2  Q u an tita tive  a n a ly s is  o f spontaneous and claatoqen  induced
chromosomal ab erra tion s
4 .3 .2 .1  Chromosome breakage
4 .3 .2 .1 .1  Homozygotes
4 .3 .2 .1 .1 .1  Spontaneous chromosome breakage in Fanc o n i's  
anaemia homozygotes
a) Hams F10 cu ltu re  medium
The mean spontaneous breakage ra te  in the homozyqote c la s s  wa.i 3.23
b r e a k s /c e l l .  This mean has an a sso c ia te d  standard d ev ia tio n  o f 0 .17  
b r e a k s /c e l l , which i s  in d ic a t iv e  o f  a broad in te r p a tie n t  range o f  
spontaneous chromosome damage w ith in  the 24 FA p a t ie n ts . In fa c t ,
the breakage ra te  varied  ftun a minimum o f  0 .03 to  a maximun o f 0 .87
b r e a k s /c e l l .  When gaps are taken in to  co n s id era tio n , the mean was
0 .30  + 0 .21  b r e a k s /c e ll  and an even g rea ter  breakage range was
recorded v iz .  0 .0 8  to  1.17 b r e a k s /c e ll .
In te r -p a tien t v a r ia tio n  i s  a freq u en tly  reported fin d in g , as i s
in tr a -p a tie n t  v a r ia tio n  in spontaneous chromosomal in s t a b i l i t y .  (See
se c tio n  1 .6 .1 )  The present study does not include repeated  
in v e s t ig a t io n s  on p a t ie n ts ,  but the m ajority o f  p a t ien ts  who have 
undergone repeated in v e s t ig a t io n s  in our laboratory a l l  ex h ib ited  
seme f lu c tu a tio n  in  breakage r a te s ,  to  a le s s e r  or grea ter  e x te n t .
b) M150 cu ltu re  medium
Only 3 homozygotes were stu d ied  using M150 as the cu ltu re  medium.
Very l i t t l e  in te r p a t ie n t  v a r ia tio n  was noted -  the mean breakage ra te  
was 0 . IP b r e a k s /c e ll  w ith an a sso c ia te d  standard d ev ia tio n  o f  0 .0 2 .  
The minimum breakage noted was 0 .17  b r e a k s /c e ll  and the maximum was 
0 .20  b r e a k s /c e l l . When the same 3 bloods were con cu rren tly  cu ltu red
in Hams F10 medium, the mean breakage ra te  was 0.11 b r e a k s /c e il  
(range 0 .03  to  0 .2 0  b r e a k s /c e l l ) .  I t  i s  in te r e s t in g  to note th at i f  
gaps found in th ese  3 c a se s  are included in the breakage r a te s , th ese  
va lu es become 0 .2 0  b r e a k s /c e ll  tor M150 and 0 .18  b r e a k s /c e ll  for F10, 
in d ica tin g  the presence o f  far more gaps in the F10 c u ltu r e s .  
Remembering th at the mean breakage w ith F10 in 24 homozygotes was 
0 .23  b r e a k s /c e l l ,  i t  i s  obvious th at the la t t e r  va lu es are skewed by 
the sm all sample s i z e .  Thus, although higher breakage may be 
expected using M150 (see  2 . 1 .5 .2 ) ,  no d e f in it e  con clu sion s can be 
drawn a t present s in ce  a sample si::e  o f  on ly  3 i s  much too sm alx.
4 .3 .2 .1 .1 .1 .1  Comparison o f homozygote spontaneous 
chromosome breakage data w ith oth er  
s tu d ie s
Some in te r e s t in g  o b servation s can be made when comparing fin d in g s  of  
spontaneous chromosome breakage in v e s t ig a t io n s  s im ila r  to  the present 
stud y . (See sec tio n  3 .3 .2 .2 )  I t  must however be emphasized that 
d ir e c t  comparisons for spontaneous (and induced) breakage should  
always be treated  with g rea t reserve because the assessm ent o f  
chromosome breakage i s  su b jec tiv e  and in d iv id u a l p r o to c o ls , although  
s im ila r , do vary.
The mean spontaneous breakage rate  noted by Auerbach e t  a l . (1981) 
(0 .25  b r e a k s /c e ll)  i s  very  s im ila r  to the present fin d in g s w ith Hams 
F10 medium (0 .23  b r e a k s /c e l l ) ,  w h ile  that published by Cohen e t  a l .
(1982) i s  s l ig h t ly  lower (0 .1 6  b r e a k s /c e ll)  than the breakage rate  
noted w ith Hams F10 medium, but very s im ila r  to  th a t found in the 3 
su b jec ts  in v estig a ted  w ith  M150 medium (0 .1 8  b r e a k s /c e l l ) .  This 
sm all degree o f v a r ia tio n  i s  expected s in c e  on ly  5 FA in d iv id u a ls  
were stu d ied  by both th ese groups.
The 18 FA p a tie n ts  in v estig a ted  by Marx e t  a l . (1983) ex h ib ited  a 
mean breakage o f 0 .77  b r e a k s /c e l l .  This value i s  much higher than 
alm ost a l l  p rev iou sly  published f in d in g s . (See se c t io n  3 .3 .2 .2 )  
In te r e s t in g ly , the la t t e r  group o f  workers found the mean spontaneous 
breakage ra te  in 11 FA none marrow c u ltu r e s  (32-hour cu ltu re  period) 
to  be 0 .72  b r e a k s /c e ll (range 0 .4 0  to  0 .8 9  b r e a k s /c e ll) ,  a mean
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s tr ik in g ly  c lo s e  to  th at obtained in th e ir  lymphocyte c u ltu r e s . As 
d iscu ssed  in se c t io n  1 .6 .1 .4 #  published data in d ica te  th at on ly  the 
m inority o f d ir e c t  done marrow c u ltu r e s  e x h ib it  chromosome breakage# 
and when present# the breakage r a te s  are g e n e ra lly  much lower than 
Chose found in peripheral blood lymphocyte c u ltu r e s . T his dramatic 
in crease  in observed breakage may be a ttr ib u ta b le  to  the fa c t tn at 
Marx e t a l . e s ta b lish e d  th e ir  c u ltu re s  in  Medium 199 (Gibco) w ith  3 
tim es the usual con cen tration  o f glutam ine ( i . e .  + 300 m g/1).
Although the Hams F10 medium and M150 used in the present study  
contained o n ly  100 mg glutam ine/1# Eaglea MEM [used by Aueroach e t  
a l .  (1981)] a lso  con ta in s  glutam ine a t  a concen tration  o f > 300 
m g/1. I t  i s  th erefo re  su rp r isin g  th a t the r e s u lt s  o f Marx e t  a l .
(1983) d i f f e r  con sid erab ly  from those o f Auerbach e t  a l . (1981).
(See Table 3 .11)
4 .3 .2 .1 .1 .2  DEB-induced chromosome breakage in Fancon i's  
anaemia homozygotes
Peripheral blood lymphocyte c u ltu res  from 13 FA homozygotes were 
e sta b lish e d  in Hams F10 medium and were c la s to g e n ic a l ly  s tr e sse d  for  
42 hours w ith DEB a t a con cen tration  o f 0 .10  fig DEB/ml c u ltu r e . The 
DEB was added 24 hours a f t e r  cu ltu re  in i t i a t io n .  This s tr e s s in g  
resu lted  in an 1 1 -to id  in crease  in the number of chromosomal 
ab erration s compared to the spontaneous breakage r a te . Based on the 
518 c e l l s  screened for breakage, a mean breakage ra te  o f  2.58 
b r e a k s /c e ll  was ob ta in ed . The a sso c ia ted  standard d ev ia tio n  was 1.85  
b r e a k s /c e ll  and the breakage range was 0 .04  to  6 .7 3  b r e a k s /c e ll .
At th is  po in t some a tte n t io n  should be focussed  on the lower end •-' f  
the above-mentioned breakage range. In p a r tic u la r , 3 p a tien ts  from 2 
fa m ilie s  w i l l  f a l l  under d is c u s s io n .
P atien t F .P . (case no. 77) and h is  brother W.P. (case no. 78) were 
i n i t i a l l y  referred  as f u l f i l l i n g  the n ecessary  d ia g n o stic  c r i t e r ia  
for FA hom ozygosity. The proband W.P. who ves 6 years o f age a t  the  
time# had a markedly ra ised  fo e ta l  haemoglobin (HbF) le v e l  o f  27% 
(normal range being 0-2% a f t e r  the age o f 1 y e a r ) . Three previous
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chromosome an a ly ses  on W.P. showed high spontaneous breakage/ ranging 
from 0 .2  to  0 .3  b r e a k s /c e ll .  A few en d ored u p lica tion s and 2 
chromosome rearrangments were a ls o  noted However,- h is  spontaneous 
breakage ra te  in the present study was o n ly  0 .12  b r e a k s /c e ll  (p lu s 1 
en d o red u p lica tio n / but zero rearrangem ents) and exposure to  0 . 1 /ig 
DEB/ml c u ltu re  y ie ld ed  on ly  0 .12  b r e a k s /c e l l .  I t  i s  th erefore  c le a r  
th at although W.P. c l i n i c a l l y  appears to  be an FA homozygote, both 
h is  present spontaneous and OEB-induced breakage r a te s  f a l l  " e l l  
below the r e sp e c tiv e  means i f  0 .23  and 2 .58 b r e a k s /c e l l .
W .P .'s younger b roth er# P .P . was <Iso  referred  to  our laboratory in  
1976 when he was 2 years o ld / because he had had a s l i g h t l y  ra ised  
le v e l  o f fo e ta l  haemoglobin v iz .  4%. Three repeated spontaneous 
chromosome breakage s tu d ie s  over the next 4 years revealed  s l ig h t ly  
r a ise o  breakage va lu es ranging from 0 .08  to 0 .13  b r e a k s /c e ll (no 
rearrangements or en dored u p lication s were ob served ). The present 
in v e s t ig a t io n  y ie ld ed  a spontaneous breakage ra te  o f on ly  0.06  
b r e a k s /c e ll  and a DEQ-induced value o f on ly  0 .04  b r e a k s /c e l l .  Quite 
c le a r ly /  t h is  p a t ie n t 's  mean spontaneous and DEn-induced breakage 
r a te s  are con sid erab ly  lower than expected for FA homozygotes.
At a very recen t meeting with the co n su ltin g  c l i n i c i a n , subsequent to  
the com pletion o f a l l  s t a t i s t i c a l  a n a ly se s/ some doubt was expressed  
as to  the genotyp ic c la s s i f i c a t io n  o f P .P . At the age o f 9 years/ he 
i s  health y and has not as yet developed any evidence o f 
pancytopenia. T h is/ togeth er  w ith the repeated c y to g e n e tic  fin d in g s  
are perhaps in d ic a tiv e  o f p a tien t P.P . being an FA heterozygote  
rather than homozygote. A lte r n a tiv e ly / s in ce  doth P .P . and W.P. are  
not remarkaoly s e n s i t iv e  to  the c la s to g e n ic  e f f e c t s  o f DEB/ th ese 2 
s ib s  may rep resen t an unusual var ian t form of PA. The la t t e r  
p o stu la te  i s  in concordance w ith the fin d in g s  o f Cohen e t  a l .  (1982a) 
who noted th a t 2 of th e ir  5 FA p a t ien ts  did  not e x h ib it  the expected  
in crease  in chromosome damage a f t e r  in v itr o  s t t -  Maing w ith DEB. 
Furthermore, as d iscu ssed  in se c t io n  1 .6 .1 /  a m inority  o f FA p a tien ts  
do not e x h ib it  increased  spontaneous chromosome f r a g i l i t y .  
U nfortunately/ n e ith er  P.P . nor W.P. were a v a ila b le  for  repeat 
confirm atory s tu d ie s  w ith  DEB and/or MMC.
The th ird  low est DEB-induced breakage score was noted in a 20 
y ea r -o lo  fem ale p a t ie n t , K.H. (case 2 3 ) . K .H .'s spontaneous ana 
DEB-induced breakage r a te s  were 0 .37  and 0 .5  C rea k s/ce ll 
r e s p e c t iv e ly . Thus, although she had a r e la t iv e ly  high rate  o f  
spontaneous chromosome ab erration s (compared w ith the mean o f 0.23  
b r e a k s /c e l l ) ,  t h is  p a tien t does not appear to  be unduly s e n s i t iv e  to  
the c la s to g e n ic  e f f e c t s  o f  DEB. (U nfortunately , K.H. was not 
a v a ila b le  for MMC stu d ie s )  In t h is  r e sp e c t , i t  i s  o f in te r e s t  that 
K.H. was a t  le a s t  7 years o ld er  than any o th er  FA p atien v included in  
t h is  stud y . K.H. apparently  on ly  presented w ith a p la s t ic  anaemia at  
10 years o f  age , in d ica tin g  a m ilder perhaps var ian t form o f the  
d is e a s e . Following th is  p a t ie n t 's  induced value o f 0 .5  c r e a k s /c e l l , 
the next breakage ra te  in t h is  range *as 1 .8  b r e a k s /c e l l ,  a poin t 
from which the induced sco res  increased  more or l e s s  s t e a d ily  to  6.73  
creaks/ c a l l .
The ^ata presented here, togeth er with th ose o f Cohen e t  a l . (1982a), 
in d ica te  th at th ere may in fa c t be 2 groups o f FA p a t ie n ts , w ith one 
s e t  (the  m inority) not being h y p ersen sit iv e  to  DEB. With resp ect to  
spontaneous breakage, Sasaki (1978) p ostu la ted  the presence o f 2 
groups o f FA p a tie n ts  w ith mean spontaneous breakage va lues o f 55.7% 
and 5.9% r e sp e c t iv e ly . T his was however, not noted in  the present 
study. As to  the e x is te n c e  of s im ila r  su b -c la s se s  a f t e r  DEB 
s t r e s s in g ,  the number o f DEB-stressed ca ses  c o n s t itu t in g  the present 
study i s  too sm all to  reach any d e f in it e  co n c lu s io n . In th is  
r e sp e c t, i t  i s  o f in te r e s t  that Kwee et a l . (1983) have reported on 
one 22 year-o ld  p a tien t who ex h ib ited  c la sto g en  s e n s i t iv i t y  in  on ly  
40% of h is  cu ltu red  c e l l s ,  w h ile  the oth er 60% o f h is  c e l l s  responded 
l ik e  th ose from normal health y c o n tr o ls . I t  should a ls o  be 
remembered th at d if fe r e n c e s  in the gen otyp ic/p h enotyp ic  
c la s s i f i c a t io n  o f p a t ien ts  may lead to  d iscrep a n c ies  -  for example, 
the th ree p a t ie n ts  a t  the lower end o f  the present DEB-induced 
breakage s c a le  may not have been c la s s i f i e d  as  ' tru e' FA homozygotes 
by a l l  workers in  the f i e l d .
As a consequence o f the above-described  v a r ia tio n  in  D E B -sen sitiv ity  
in  FA homozygotes, one i s  forced to  conclude th at the induction  o f  
chromosome ab erration s by DEB should not be regarded as an ab so lu te
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c r ite r io n  in  the d ia g n o sis  o f FA.
4 . 3 . 2 . 1 . 1 . 2 . 1  Comparison of hr* no zygote DEB-induced
chromosome hr.eakage data with oth er
stu d ie s
With referen ce to  Table 3 .12  in se c t io n  3 .3 .2 .2 ,  showing the r e s u lt s  
o f  four s tu d ie s ,  Marx e t  a l . (1983), l ik e  the present study, a lso  
found a mean breakage ra te  o f 2.58 b r e a k s /c e l l ,  w h ile th at noted by 
Cohen e t  a l . (1982a) was s l i g h t l y  lower (1 .6 2  b r e a k s /c e l l ) .  Auerbach 
e t  a l . (1981) reported a r e la t iv e ly  high breakage ra te  (8 .66  
b r e a k s /c e l l ) .  In the la t t e r  2 s tu d ie s ,  wide ranges and consequent 
large  standard d e v ia tio n s  were recorded. This i s  in concordance with  
the present f in d in g s . I t  i s  however, rather su rp risin g  that the  
present s tu d y 's  mean breakage ra te  i s  id e n t ic a l to  tn a t reported by 
Marx e t  a l . (1982) s in ce  th ese  workers found a much higher 
spontaneous breakage rate in th e ir  p a t ie n ts .
4 .3 .2 .1 .1 .3  MMC-induced chromosome breakage in  Fanconi' s  
anaemia homozygotes
a) Hams F1Q cu ltu re medium
Peripheral blood lymphocyte cu ltu re s  from 7 FA homozygotes were 
cu ltu red  in Hams F10 medium and s tr e sse d  w ith 0.01 /ig MMC/ml cu ltu re  
for the f in a l  42 hours of the usual 66-hour cu ltu re  p eriod . This 
resu lted  in an approxim ately 8 - fo ld  in crease in breakage over Uie 
mean spontaneous breakage r a te . Breakage (excluding gaps) ranged 
from a minimum o f 0 .07 b r e a k s /c e ll  to  a maximum o f 4 .63 b r e a k s /c e l l .  
The mean breakage ra te  was 1.85 b r e a k s /c e ll  and the a sso c ia te d  
standard d ev ia tio n  was 1 .85 . Quite c le a r ly ,  as for DEB-induced 
breakage, a vast degree o f in te r p a tie n t  v a r ia tio n  in MMC-induced 
breakage was e v id e n t.
The lower end o f th is  MMC-induced breakage range warrants d is c u s s io n .  
P a tien t 19 (M .G.), was f i r s t  referred  to our lab oratory  as a 2
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